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Abstract 
Hygiene and cleaning are of paramount importance to the food and beverage industry, but 
they also cause considerable costs to the industry in terms of production (energy, water and 
chemicals) and downtime of working hours for cleaning equipment. At the same time, 
environmental demands urge for reduction in water consumption and the use of more 
environmentally friendly chemicals. Photocatalytically active metal oxides, of which TiO2 is 
most often used, generate strong oxidizing conditions when illuminated with UVA light (400-
315 nm). In addition, they create hydrophilic surfaces, which can be cleaned by “sheeting” 
water that carries the dirt away. TiO2 coatings therefore have the potential to reduce the 
attachment and viability of microbial cells. TiO2 requires UV light in order to become 
activated, but doping the coatings with different transition metals can improve the visible 
light activity. In this project the physical vapour deposition technique of magnetron 
sputtering was used to produce well characterised photocatalytic coatings, to see whether the 
addition of the transition metal dopants W (tungsten), Nb (niobium), Ta (tantalum) and Mo 
(molybdenum) to TiO2 coatings enhanced photocatalytic activity and antimicrobial properties 
under fluorescent light. The optimum photocatalytic activity, assessed by methylene blue 
degradation was shown by TiO2-Mo (7 at. %) after annealing at a temperature of 600 °C 
presenting a mixed phase anatase/rutile crystal structure. These materials also exhibited an 
antibacterial effect under fluorescent light against Escherichia coli. However, the TiO2-Mo 
and TiO2-W (10 at.%) coatings inactivated E. coli under fluorescent light over a shorter 
incubation time (24 hours) in comparison to TiO2-Nb and TiO2-W (3.80 at.%) (48 hours). 
The TiO2-Nb film did not show any bactericidal effect in the dark, but the Mo and higher 
concentration of W doped sample inactivated the bacteria in the dark as well as in the light 
after 24 hours. In this study, photocatalytic and bactericidal activity of TiO2-Mo 7 at.% , 
TiO2-Nb 0.25 at.%, TiO2-W  3.8 at.% and TiO2-W 10 at.% are demonstrated, when irradiated 
with fluorescent light with some surfaces also being innately antimicrobial in the dark. The 
chemical and mechanical stability of TiO2-Mo and TiO2 surfaces were assessed for their 
effectiveness in situ in bottle filling lines in breweries prior to and after placement. The 
results from the brewery trials demonstrated some durability with slight loss of Mo (0.5 
at.%), 50% loss of photocatalytic activity, and some loss of adhesion to the substratum. In 
conclusion, the bactericidal properties of TiO2 doped coatings can be exploited in 
environments where surface contamination is an issue. The difference between innate (TiO2-
Mo) and photo-activated (TiO2-Nb) antimicrobial properties can also be exploited in 
appropriate environments. Some additional work on batch variability and coating stability is 
required. 
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Chapter 1: Background and context 
 
1. Introduction 
Cleaning of food and beverage industry process surfaces is intended to guarantee product and 
consumer safety and satisfaction. In addition, the goal of improving energy and water saving 
and reducing chemical loads in the environment gives further support to the aim of finding 
novel means to maintain process hygiene. A hygienic design of process equipment has a 
tremendous impact on diminishing the risk of contamination of foods during production, 
which also means the shelf life of products is improved. If the applied process equipment is 
of a poor hygienic design, it is difficult to clean. They may survive and multiply in the 
crevices and dead areas, i.e. inaccessible regions of the equipment or the process line. Poor 
hygienic design of process equipment and components used in the food processing industry is 
a risk for food contamination. The hygienic design of process equipment and components 
should be based on a sound combination of process and mechanical engineering as well as 
knowledge in microbiology.  
Self-cleaning or easy-to-clean coatings on food and beverage process surfaces would also 
reduce costs caused by production interruptions and consumption of energy, water, chemicals 
and working hours. The primary aim of this research was, therefore, to develop 
multifunctional materials and material solutions capable of reducing/inactivating microbial 
attachment on surfaces in the food and beverage industry. Titanium dioxide based 
photocatalyst thin films are of interest as self-cleaning and antimicrobial coatings, and were 
the focus of this project.   
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The project was carried out in co-operation between VTT Technical Research Centre of 
Finland, Tampere University of Technology Department of Materials Science (DMS/TUT), 
Oy Panimolaboratorio- Bryggerilaboratorium Ab Brewing Laboratory (PBL), Millidyne Oy, 
Manchester Metropolitan University, School of Engineering and School of Healthcare 
Science  (MMU), Teer Coatings Limited (TCL-Miba), and Millennium Chemicals - Cristal 
Global (CG). The UK partners’ work was funded by the Technology Strategy Board; the 
Finnish partners’ work was funded by Tekes. 
In this component of the overall project, based at MMU, titanium dioxide coatings were 
deposited by reactive magnetron sputtering, then characterised and modified to improve 
photocatalytic activity under fluorescent light using dopants. The influence and mechanism of 
action of the various doping elements are discussed in this thesis. The antimicrobial activity 
of selected coatings was assessed. The mechanical and chemical durability of these 
photocatalytically active coatings were evaluated prior to installation by VTT into different 
brewery environments in Finland. The samples were returned to the UK by post after 3, 10, 
and 12 months installation. Each sample was cut into three pieces and allocated to UK 
partners for scratch adhesion test, contact angle measurements, assessment of photocatalytic 
activity and fouling. The scratch adhesion test and contact angle measurement were carried 
out by Teer Coatings Limited (TCL-Miba), and Millennium Chemicals - Cristal Global (CG), 
respectively. Microbiological testing was carried out in a separate and subsequent study by 
VTT. 
This chapter provides an overview of the work, including information on background and 
motivation, a description of the main research goals to be achieved, and information about 
thesis layout and list of publications.  
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1.1 Background and motivation  
 
The aim of self-disinfecting coatings is to reduce the number of pathogenic microorganisms 
on an object or in an environment. TiO2 (titania) is a versatile photocatalyst suited to a wide 
variety of photocatalytic applications. One of the applications is as an antimicrobial 
environmental surface which could be used in the food and beverage industries. TiO2 is an n-
type wide band gap semiconductor material which can be chemically activated by the 
absorption of light. However, the photoefficiency of this material is ultimately limited by its 
large band gap. Most photocatalytic applications of TiO2 require UV illumination because the 
band gaps of the anatase and rutile polymorphs are 3.2 eV (~ 385 nm) and 3.0 eV (~ 410 nm), 
respectively. When TiO2 is illuminated by UV light, inter-band transition occurs [1], where 
an electron from a valence band (VB) is promoted to the conduction band (CB) with 
simultaneous generation of a photogenerated holes (h
+
) in the VB and photogenerated 
electrons (e
-
) in the CB. These holes generate hydroxyl radicals by hole trapping and the 
excited electrons generate superoxide anions at the surface, which degrade organic pollutants 
into harmless intermediate organic compounds; CO2  and H2O [2]. As a result of its band gap, 
titania can only use radiation of wavelengths less than about 390 nm, which equates to about 
3-5 % of the solar spectrum which greatly limits the potential for photocatalytic applications 
driven by sunlight. In order to improve the photocatalytic activity by extending the utilisable 
wavelength range of the solar spectrum, doping with different transition metals and non-
metals can be implemented [1]. When adopting this strategy, it is desirable to maintain the 
crystal structure (anatase) of the photocatalyst while changing its electronic structure by 
doping. The crystal structure of the material is directly related to the ratio of cation and anion 
size in the crystal lattice. It appears to be relatively easier to replace Ti
4+ 
in titania with any 
cation than to substitute O
2- 
with any other anion due to difference in charge states and ionic 
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radii [3]. The incorporation of transition metals in the titania crystal lattice, through doping 
may result in the formation of new energy levels between the valence band and conduction 
band, including a shift of light absorption towards the visible light region [4]. 
Titania can be deposited onto substrates using physical vapour deposition (PVD). Unbalanced 
reactive magnetron sputtering, used in this study, is an example of a PVD technique, which 
will explained in detail later. 
 This research project is based on using the magnetron sputtering technique for the deposition 
of photocatalytic titanium dioxide coatings and changing their properties with the use of 
different transition metals as dopant, and by varying the sputtering mode.  
 
1.2 Research aims and contributions 
 
The overall aim of this project was to develop well characterised photocatalytic coatings that 
inhibit/inactivate attached microorganisms under fluorescent light, suitable for environmental 
use in areas such as the bottle filling lines in the brewing industry. To achieve this aim, the 
following objectives were carried out: 
1.  Develop and characterise (photochemically) a range of TiO2 photocatalytic coatings 
using different transition metals (W, Mo, Ta and Nb) as dopants.  
2.  Assess their photocatalytic activity in terms of the degradation of an organic dye 
(methylene blue).  
3.  Evaluate the antimicrobial properties of those selected coatings using Escherichia 
coli as a model organism. 
4. Assess the chemical and mechanical durability of selected coatings. 
5.  Identify coatings with physical properties suitable for use in the bottle filling 
equipment in the beverage industry. 
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6.  Place coated active surfaces into breweries and assess their effectiveness over time in 
terms of photocatalytic activity, scratch adhesion testing, and water contact angle 
measurements. 
VTT and PBL contributed in this project by installing the coated photocatalytic active 
surfaces into three different Finnish breweries. TCL-Miba and CG contributed by 
carrying out the scratch adhesion test and contact angle measurements. All other work 
was done by the author.  
 
1.3 Thesis structure  
 
The thesis is divided into eight chapters and appendix A and B. A more detailed description 
of the thesis structure is as follows: 
Chapter 1: Defines the background of the research carried out, as well as providing an 
overview of research aims and contributions by the project partners. 
Chapter 2: Introduces the main principle of titanium dioxide photocatalysis and its 
applications. The chapter also addresses the limiting factors that affect the photocatalytic 
activity of titanium dioxide and describes how its photoactivity might be enhanced. 
Chapter 3: Presents an overview of thin films and their growth processes and introduces the 
techniques of thin film production. This chapter is focused on physical vapour deposition 
techniques and various modes of magnetron sputtering. 
Chapter 4: This chapter describes the experimental set up used for coating production and the 
assessment of their antimicrobial activity. It also gives an overview of techniques used for 
analysing the thin films.  
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Chapter 5: Gives an overview of the transition metal doped titania coatings and discusses 
their structure, morphology and photocatalytic activity, and the effect of selected transition 
metals on the properties of the coatings. 
Chapter 6: Reviews the antimicrobial activity of titanium dioxide doped with different 
transition metals. This chapter also discusses the effect of transition metals and their oxides 
on the inactivation of bacteria. 
Chapter 7: Discusses the chemical and mechanical durability of selected coatings and their 
effectiveness by measuring their photocatalytic activity, conducting scratch adhesion testing 
and contact angle measurements after being installed in different brewery environments for 3, 
10 and 12 months. 
Chapter 8: General conclusion on photocatalytic and antimicrobial activity of doped titanium 
dioxide coatings which were placed in situ and suggests the possibilities of further research 
work required in this area.  
Appendix A: Results relating to the accuracy of the proposed photocatalytic testing 
technique.   
Appendix B: EDX penetration depth calculation 
Appendix C: List of publications. 
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Chapter 2: Titanium Dioxide Photocatalysis 
 
2.0 Introduction  
2.1 Semiconductor photocatalysis  
 
A semiconductor is a material with conducting properties between those of a good insulator 
and a good conductor.  A photocatalyst is a semiconductor material which can be chemically 
activated by the absorption of light. The discovery that impacted most significantly on  the 
field of semiconductor photocatalysis was the “Honda-Fujishima Effect” first described by 
Fujishima and Honda in 1972, by the splitting of water on a TiO2 electrode under UV light 
[5]. Subsequent to this, work on TiO2 has proceeded apace.   
The main criterion for an efficient semiconductor photocatalyst is that the redox potential of 
the charge couple, i.e., e
–
/h
+
, lies within the band gap domain of the photocatalyst (+2.53 V 
for titania). The photocatalytic process takes place when photons have a higher energy than 
the band gap value of the semiconductor photocatalyst. These photons can be absorbed and 
an electron is promoted to the conduction band, leaving a hole in the valence band.  
The energy level at the bottom of the conduction band determines the reducing ability of 
photoelectrons while the energy level at the top of the valence band determines the oxidizing 
ability of photogenerated holes, each value reflecting the ability of the system to promote 
reductions and oxidations [1]. As well as having suitable band gap energy ( ≤ 3eV), an ideal 
semiconductor should also be easy to produce and use, cost effective, photostable, non-
hazardous for humans and the environment, and able to catalyse chemical reactions on the 
surface of materials effectively. Many of the reported photocatalysts have limitations, e.g., 
GaAs, PbS, and CdS are not sufficiently stable for catalysis as they readily undergo 
photocorrosion and are also toxic [6].  
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TiO2 is close to being an ideal photocatalyst and is the benchmark for photocatalysis 
performance. Titanium dioxide, also known as titania, is a naturally occurring oxide of 
titanium. Wide band gap materials are defined as semiconductors with band gaps greater than 
1.7 eV.  Titania is an n-type wide band gap semiconductor material. It is cheap, stable, non-
toxic and environmentally benign. The most common polymorphs of titania are anatase and 
rutile which they have different physical properties. TiO2 has many applications, since it can 
be used either as nano-particles in powder form or as a thin film coating on different 
substrates. Its principal usage is as a white pigment in paints (in the rutile form), plastic 
goods, rubber, inks and paper, but it is also incorporated into a diverse range of products such 
as pharmaceuticals, cosmetics and food additives. TiO2 is activated by the absorption of light, 
through which it has been found to decompose organic materials (in the anatase form) and 
inhibit bacterial growth [7].   
 
2.2 TiO2 photocatalysis  
 
TiO2 photocatalysts have received a significant amount of research interest during the last 40 
years owing to the various environmentally valuable applications of such materials [5]. When 
a TiO2 semiconductor is excited by photons with energy equal to or higher than its band gap 
energy, electrons receive energy from the photons and are thus transferred from the valance 
band to the conduction band. Upon light absorption, the photocatalytic TiO2 generates pairs 
of electrons (e
-
) and holes (h
+
). The photogenerated electrons and holes can recombine within 
a very short time, releasing energy in the form of heat. Therefore, it is essential to avoid the 
recombination of electrons and holes in photocatalytic reactions. Electrons and holes that 
migrate to the surface of the TiO2 semiconductor without recombination can, respectively, 
reduce and oxidise the reactants adsorbed by the semiconductor.     
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It is generally believed that the photon induced electron-hole pairs can react with O2 
dissolved in water to form 

OH radicals (equation 2.1, 2.2). These radicals can reduce or 
oxidize pollutants in water and air. 
                          
                        TiO2 (h
+
VB) + H2Oads                               TiO2 + 

OHads +H
+
aq                           (2.1) 
                                       TiO2 (h
+
VB) + OH
 –
ads                                 TiO2 + HO

ads                                      (2.2) 
  
 Hydroxyl radicals are produced by holes (h
+
) in valence bands (VB) and superoxide anions 
(O2
- 
) are produced by excited electrons in conduction bands (CB) (equation 2.1-2.8). This 
reaction prevents e
-
 /h
+ 
recombination in the absence of other electron acceptors. 
                        TiO2 (e
-
CB) + O2                 TiO2 + O2
-                                         
(2.3) 
Equation 2.3-2.8 shows the reaction pathways for the electrons released by irradiation of a 
photocatalyst with dissolved molecular oxygen.  
                       TiO2 (e
-
CB) + O2
-
 + 2H
+               
        TiO2 +H2O2                      (2.4) 
                        O2
-
 + H
+                        
HO

2                                                                             (2.5) 
                         O2
-
 + 4HO

2                              2HO

+ 3O2 +H2O2                            (2.6) 
                         HO

+ HO

2                         O2 +H2O                                      (2.7) 
                         2HO

2                          O2 + H2O2                                                                     (2.8) 
Both favourable and unfavourable effects in photocatalytic degradations can be expected 
from the presence of H2O2. Hydrogen peroxide enhances the photodegradation rate of organic 
adsorbed pollutants under certain conditions, probably by the formation of HO

 radicals 
either indirectly via superoxide ions (equation 2.9) or directly via the reduction of H2O2 by 
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conduction band electrons (equation 2.10). It is also degraded over band gap irradiated TiO2 
(equation 2.11). 
                     H2O2 + O2
-
               O2 + OH
 -
 + HO
                                                  
(2.9) 
                                
TiO2 (e
-
CB) + H2O2              TiO2 + OH
 -
 + HO
                              
(2.10) 
                                 
H2O2 + h
 
v                2HO
                                                                              
(2.11) 
These reducing and oxidising agents (hydroxyl radicals and superoxide anions) can destroy 
organic and biological compounds (Figure 2.1). Applications of such TiO2 photocatalytic 
coatings include self-cleaning coatings [8], antimicrobial coatings [9], and water purification 
[10]. 
 
Figure 2.1: Mechanism of light absorption by TiO2 showing how the light absorption (< 390 
nm) produces electrons and holes.  
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2.3 Crystal structure of titanium dioxide 
 
TiO2 exists in three forms with different crystal lattice structures, with each having different 
physical properties. These are rutile, anatase and brookite. Anatase and rutile crystallize in a 
tetragonal system. Although anatase and rutile are chemically identical, there are differences 
in the arrangement of the titanium and oxygen atoms within the crystal that result in different 
crystal lattices. Rutile is thermodynamically the most stable form. It has a tetragonal structure 
and contains six atoms per unit cell. The TiO6  octahedron is slightly distorted (Figure 2.2) 
[11]. Anatase also has a tetragonal structure but the distortion of the TiO6 octahedron is 
slightly greater for the anatase phase than the rutile phase [12]. These differences in lattice 
structures cause different mass densities, electronic band structures, specific gravity, 
hardness, refractive index and weathering performance [13, 14]. Brookite belongs to the 
orthorhombic crystal system. Its unit cell is composed of eight units of TiO2 and is formed by 
edge-sharing the TiO6 octahedron. It is more complicated, has a larger cell volume and is also 
the least dense of the three forms (Figure 2.3) [15]. The photocatalytic activity of the rutile 
phase is poor. In some recent work brookite was shown to have higher photocatalytic activity 
compared to anatase and rutile; but it is difficult to manufacture [16]. The anatase structure is 
preferred over other polymorphs for photocatalytic applications due to its higher Fermi level, 
lower capacity to absorb oxygen and higher degree of hydroxylation [17]. The Fermi level of 
anatase is higher than that of rutile by 0.1 eV. This results in a higher level of hydroxyl 
groups on the surface and thus greater photocatalytic activity. 
Although the band gap energy value of rutile is lower than that of anatase, the latter shows 
higher photocatalytic activity (anatase 3.23 eV > rutile 3.06 eV) [14]. The band gap is called 
direct if the momentum of electrons and holes is the same in both the conduction band and 
the valence band; an electron can directly emit a photon. In an indirect gap, a photon cannot 
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be emitted because the electron must pass through an intermediate state and transfer 
momentum to the crystal lattice. Anatase has an indirect band gap however, rutile has a direct 
band gap, and as a result the anatase conduction band is located away from the maximum in 
the valance band. This results in the ability of electrons to stabilize at the lower level of the 
conduction band itself, consequently giving a longer life-time and greater mobility. In a direct 
band gap material, the minimum in the conduction band overlaps with the maximum in the 
valance band, thus enabling an early return of an electron to the valance band.  
  
Figure 2.2: Crystal structure of the rutile and anatase phase  demonstrating how titanium and 
oxygen atoms are arranged in the lattice [11]. 
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Anatase has a wider optical absorption gap. Hence, it is proposed that the excitation electron 
mass of the outer shell electrons in anatase may be lower than in the case of rutile [18]. This 
may explain the higher mobility of electrons in the anatase. The wider band gap energy of 
anatase would also generate more hydroxyl radicals. This allows a more extensive 
chemisorption (reaction) of oxygen, although the difference may not be sufficient to explain 
the large difference in reactivity between the two crystalline forms. It was found that a 
anatase/rutile mixed phase was more active than a single phase [19, 20]. Mixed-phase titania 
catalysts showed greater photo-effectiveness due to three factors: 1) the smaller band gap of 
rutile extends the useful range of photoactivity into the visible region; 2) the stabilization of 
charge separation by electron transfer from rutile to anatase slows recombination; 3) the 
small size of the rutile crystallites facilitates this transfer, making catalytic hot spots at the 
rutile/anatase interface. [20, 21]. 
 
Figure 2.3: Lattice structure of brookite TiO2  showing how titanium and oxygen atoms are 
arranged in the lattice [22].   
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2.4 Applications of photocatalytic TiO2 coatings  
2.4.1 Antimicrobial properties  
 
Disinfection is one of the most common and important methods of controlling numbers of 
pathogens for the sterilization of critical instruments, water treatment, food production, and in 
hospitals or health care facilities. TiO2 based photocatalysts have been used to inactivate 
pathogenic microbes, including bacteria, fungi and viruses [23], thus providing new 
approaches to disinfection. One advantage of photocatalytically sterilizing surfaces is that 
they operate in a passive fashion and hence function without the need for electrical power or 
chemical reagents only light, oxygen and water are required. Unlike chemical antibacterial 
agents, TiO2 surfaces are non-toxic and will not cause environmental pollution.    
There are many reports on antimicrobial activity of reactive oxygen species photogenerated 
upon UV and visible light irradiation at TiO2 surfaces and TiO2 suspended nanoparticles [24-
28]. These demonstrate significant interest in this technology across a wide range of 
applications.  
There are a variety of targets in/on the microbial cell, for the reactive oxygen species 
generated by TiO2 photocatalytic reactions. In the initial studies by Jacoby et al. [29], a 
decrease in intracellular coenzyme A (CoA) in the TiO2 treated cell was detected for various 
microorganisms. Cell death was caused by the direct oxidation of CoA thus inhibiting cell 
respiration. This mode required a direct contact between TiO2 and the target cell to ensure the 
direct oxidation of cell components [30, 31]. However, the majority of studies showed that 
the lethal action is due to membrane and cell wall damage. These studies include microscopic 
and spectroscopic studies [32-36]. 
Kiwi et al. [32] investigated the peroxidation process of Escherichia coli using a TiO2  
photocatalyst. One of the toxic effects of reactive oxygen species is the damage to the cellular 
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system which is initiated by a process known as peroxidation. The destruction of E. coli cells 
on a TiO2 porous film was followed by analysis using ATR-FTIR techniques. The decay of 
the polysaccharide bands, acyl bonds, >CH2, -CH3 bands, and amide bands by TiO2 films was 
reported. The oligosaccharide bands of E. coli and LPS and the isolated CdC-H bands 
disappeared during short irradiation times. The formation of peroxidation products such as 
aldehydes, ketones, and carboxylic acids was detected in parallel with the disappearance of 
the constituents of the cell wall membranes. The FTIR spectra found that the peroxidation 
products of E. coli, LPS (lipo-polysaccharide), PE (phosphatidyl-ethanolcholine), and PGN 
(peptidoglycan) revealed numerous features related to the appearance of oxidation products 
due to the TiO2 photocatalysis on sugar rings, lipid chains, and polypeptide molecules. The 
ATR-FTIR data about LPS on TiO2 surfaces suggest the introduction of disorder in the LPS 
lipid layer during photocatalysis. The peroxidation of LPS on TiO2 was faster than that of E. 
coli on TiO2, suggesting that the order of the LPS bilayer structure determines the rate of the 
photocatalytic peroxidation process. The comparison of the peroxidation of three main 
components of the wall LPS, PE, and PGN show that PGN is the most resistant toward 
peroxidation. They noted that photocatalytic peroxidation induced changes of the ATR-FTIR 
spectra of the E. coli occur due to two reasons: first, the decrease of the initial bio-molecule 
concentration and concomitant formation of peroxidation products and second the 
photocatalytic induced structure modification of the wall membrane giving rise to the shift of 
>CH2 vibration peak assigned to the fatty tails of lipid molecules. The latter peak shift is 
proof that structural transformation occurred in the lipid layer. This shift seems to be the 
precursor of the structural changes in the cell wall membranes during lipid peroxidation 
leading to bacterial lysis in the later stages of the photocatalysis. By laser photolysis, it was 
shown that the reaction of E. coli, LPS, or PE with the hole (h
+
) competes with the 
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recombination reaction of the h
+
 with e
-
. This reaction is considered as the initial step in the 
chain-radical peroxidation process. 
In another paper Nadtochenko et al. [34] found that during the initial stage of treatment with 
TiO2, photokilling could be attributed to the increase in the lipid-layer fluidity of the E. coli 
cell walls. This structure and fluidity of the LPS monolayer has been reported to be very 
sensitive to peroxidation in the case of polar-saccharide moieties [37]. Shifting of the –CH 
symmetric stretching (νs (CH2)) band during TiO2 photocatalysis was found to be a valuable 
tool for monitoring of the progressive disorder LPS in Gram-negative E. coli bacteria (Figure 
2.4,b) as the precursor event of the bacterial lysis. 
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic 
force microscopy (AFM) were used in order to study the effect of TiO2 on microorganisms. 
Kangwansupamonkon et al. [35] reported the morphological disruption of bacterial cell walls 
by SEM on an apatite coated TiO2 suspension after UVA irradiation for E. coli, MRSA, S. 
aureus and M. luteus. Chung et al. [36] studied the antibacterial effect of anatase TiO2  by 
TEM and found that S. aureus was killed by the detachment of the cell wall from the cell 
membrane, while E. coli suffers from changes in the nucleoid pattern from relaxed to 
condensed state (in addition to cell wall damage).  
Gram positive bacteria were found to be more resistant to photocatalytic disinfection than 
Gram negative bacteria [38, 39]. The difference is attributed to the difference in cell wall 
structure (Figure 2.4,a), since the Gram positive bacteria have a thicker peptidoglycan layer 
and no outer membrane whereas Gram negative bacteria have a triple layer cell wall with an 
inner membrane, a thin peptidoglycan layer and an outer membrane. Fungi and algae have 
also been shown to be susceptible to photocatalytic disinfection. However, they were found 
to be more resistant to photo-killing than bacteria due to differences in size and structure [40, 
41]. 
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Figure 2.4: Cross section through cell walls of a) Gram positive and b) Gram negative 
bacteria [42].    
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2.4.2 Self-cleaning coatings 
 
The technology of self-cleaning coatings and surfaces has grown quickly in recent years. This 
is due to a widespread variety of applications from window glass, mirrors, lenses and cements 
to textiles [43]. The field of self-cleaning coatings is divided into two categories: 
hydrophobic and hydrophilic [44]. These two types of coatings clean themselves through the 
action of water, the former by enhancing droplet formation and the latter by spreading water, 
thus removing dirt. 
Toma et al. [45] reported the degradation of gaseous nitrogen oxide pollutants such as NO 
and NOx by spray applied TiO2 coatings. Zhang et al. [46] reported on anti-reflective TiO2 - 
SiO2  self-cleaning coatings that may find applications for the surfaces of solar cells. It has 
been reported that ceramic tile coatings incorporating TiO2 were very effective in terms of 
breaking down organic and inorganic materials, as well as inactivating bacteria and it was 
suggested that these ceramic tiles can be used in hospitals to reduce the spread of infections 
particularly around patients whose immune systems have been weakened [45]. Yaghoubi et 
al. [47] produced a self-cleaning TiO2 coating on a polycarbonate substrate by employing a 
chemical surface treatment method to create hydrophilic groups on the polycarbonate 
substrate. Beobide et al. [48] employed a dip coating technique to produce multi-functional 
coatings consisting of a mesoporous SiO2  layer and a dense/mesoporous TiO2 layer. This 
coating exhibited both anti-reflective and self-cleaning properties.   
Wetting is the term used to describe how liquid behaves on a solid surface. The contact angle 
(θ) of water or another liquid makes with a substrate is an important parameter to define the 
wetting of a liquid on a solid surface. When the water contact angle θ is less than 65° the 
surface is hydrophilic. On a superhydrophilic surface the contact angle for water with the 
surface is less than 5° (Figure 2.5). The main advantage of TiO2 - based hydrophilic surfaces 
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is the combined hydrophilicity- photodegradation effect, that aids cleaning process 
significantly [49]. The super-hydrophilisation mechanism of TiO2 upon UV irradiation also 
involved electrons and holes but proceed via a different route to photocatalysis. During super 
hydrophilisition electrons tend to reduce the Ti (IV) cations to the Ti (III) state, and the holes 
oxidize the O2
−
 anions. In the process, oxygen atoms are ejected, creating oxygen vacancies. 
Water molecules can then occupy these oxygen vacancies, producing adsorbed OH groups, 
which tend to make the surface hydrophilic. The longer the surface is illuminated with UV 
light, the smaller the contact angle for water becomes [7, 50]. 
The photo-induced hydrophilic effect was initially thought to involve only the photocatalytic 
removal of hydrocarbon contamination films. Mills et al. [51] studied the effect of UV/O3, 
heating and strong acid pre-treatment on primarily hydrophobic samples of Pilkington 
Activ
TM
 glass (self-cleaning glass which has manufactured by Pilkington Ltd) and plain glass. 
They found that the photo-induced hydrophilicity is due to UV-driven removal of 
hydrophobic surface organics by photocatalytic oxidation process via the photogenerated 
holes. Fujishima et al. [7] found that titania surfaces can have more photocatalytic properties 
and a less superhydrophilic character, and vice versa, depending on composition and 
processing. It could be concluded, that the existence of photocatalytic properties does not 
guarantee super-hydrophilicity and vice versa [52]. 
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Figure 2.5: Superhydrophilic surface. 
 
2.4.4 Other applications 
 
Photocatalysis is an attractive approach to water treatment as this technique does not involve 
the consumption of chemical reagents; enables the removal of a variety of pollutants; is 
effective across a wide range of pollutant concentration levels, and can be achieved using 
solar irradiation as the sole energy input [53-55]. A suspension (TiO2 nano powder) based 
system and an immobilized substrate supported system are two approaches which have been 
used for photocatalysis with TiO2 nanoparticles. TiO2 powders have higher surface areas than 
coatings, which results in higher photocatalytic activity [45]. However, the separation of 
powder from the liquid state is difficult, and also because the depth of penetration of UV light 
is limited due to strong absorption by both catalyst particles and dissolved organic species. 
To overcome these problems different substrates have been used for coatings, such as glass 
and stainless steel [45]. 
Water contaminated with metal and organic species has been treated by using TiO2. It has 
been reported that Ag (I), Hg (II), Cr (VI), and Pt (II) contaminants were easily removed by 
photocatalytic reduction by 0.1 wt% TiO2, whereas Cd (II), Cu (II) and Ni (II) were not 
removed. The ability of TiO2 to remove metals from water was found to depend on the 
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standard reduction potential of the target metal [56]. Ag (I) and  Hg (II) could be reduced to 
Ag
0
 and Hg
0
, respectively, and subsequently were deposited onto the catalyst surface, and can 
subsequently be extracted from the slurry by mechanical and/or chemical means [57].  
An environmentally friendly fuel production process uses TiO2 photocatalysts to generate 
hydrogen as a source of energy via splitting of water. Photocatalysis using solar energy has 
been widely studied as a possible system to produce hydrogen from water. The possibility of 
solar photoelectrolysis was demonstrated for the first time with a system in which an n-type 
TiO2 semiconductor electrode was connected through an electrical load to a platinum black 
counter electrode. When the surface of the TiO2 electrode was irradiated with near-UV light, 
photocurrent flowed from the platinum counter electrode to the TiO2 electrode through the 
external circuit, showing that water can be decomposed into oxygen and hydrogen without 
the application of an external voltage. The direction of the current revealed that oxygen 
evolution occurred at the TiO2 electrode and hydrogen evolution occurred at the Pt electrode 
[58]. 
 
2.5 Factors limiting the photocatalytic activity of TiO2 
 
Despite the positive characteristics of TiO2, there are some disadvantages associated with its 
use as a photocatalyst. Firstly charge carrier recombination occurs within nanoseconds so the 
rate of recombination of e
-
/h
+
 pairs increases compared to the separation rate [59, 60]; 
secondly the band gap absorption threshold does not allow operation in visible light [61]. To 
circumvent these particular limitations, a number of strategies have been proposed to improve 
the light absorption features and lengthen the carrier life time characteristics of TiO2. The 
photocatalytic activity of a catalyst can be influenced by its crystal structure, surface area, 
particle size distribution, porosity, band gap and surface hydroxyl group density [62]. Various 
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methods have been used to enhance the photocatalytic activity of titania including: dye 
sensitization, doping, coupling, and capping [63-65].  
One approach to overcome these problems, is adding metal and non-metal dopants to TiO2. 
Carbon, nitrogen and silicon are the most used non-metal dopants. Upon addition of N, the 
crystal structure and photocatalytic activity has been extended into the visible range [66]. 
Narrowing the band gap and improvements in the crystallinity and photocatalytic activity of 
TiO2 films have been also observed at dopant concentrations of less than 10 at.%  transition 
metals incorporation [67-70].   
 
2.5.1 Metal – doped TiO2 thin films 
 
Doping of TiO2 has been an important approach in band gap engineering to change the optical 
response of semiconductor photocatalysts. The main objective of doping with transition metal 
ions is to provide additional energy levels within the band gap of a semiconductor. Electron 
transfer from one of these levels to the conduction band requires lower photon energy than in 
the situation for an unmodified semiconductor.   
Doping TiO2 with transition metals gives rise to formation of defect sites such as Ti
3+ 
in the 
semiconductor lattice, where the oxidation of Ti
3+
 species is kinetically fast compared with 
the oxidation of Ti
4+
. The differences in photoactivity derive from the change in the diffusion 
length of the minority carriers (e
-
/h
+
 ) [71].  
The dopant content directly influences the rate of e
-
/h
+ 
recombination, which affects the 
photocatalytic activity. In a previous report, Choi et al. [72] found that if a dopant 
concentration is below the optimal value, the photoreactivity increases with an increasing 
dopant concentration, because there are fewer trapping sites available to suppress the 
recombination of electrons and holes. However, for a higher dopant concentration beyond the 
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optimal value, the excess trapping sites become efficient recombination centres because the 
average distance between the trap sites decreases with an increasing number of dopants 
confined within a particle. This increases the recombination rate.      
Apart from the concentration of the transition metal dopants, the ionic radius of the dopant 
ion plays an important role in the enhancement of photocatalytic activity. Some authors [72-
74] have investigated the effect of dopant ion and its ionic radius in the titanium dioxide 
lattice. They have shown that, if the ionic radius of dopant ions is smaller than that of 
titanium (0.074 nm) e.g. Mo
6+
 (0.073 nm), then the dopant ions enter the lattice of titanium 
dioxide in a substitutional manner, while larger doping ions enter the lattice in an interstitial 
manner e.g. Pd
2+ 
(0.086 nm). The change of the potential level of transition metal ions in 
interstitial and substitutional positions is different, and they have different trapping efficiency 
for electrons. The effect of interstitials in distorting the potential energy is larger than that of 
substitutional atoms. Substitutionally incorporated dopants are less useful for disturbing the 
dopant energy level, which in turn affects the electron trapping efficiency. For the interstitial 
dopants, the potential energy can be increased negatively towards the conduction band edge 
because of the oxygen affinity of the dopant ions. The high oxygen affinities of interstitially 
located dopant ions effectively create a localized positive charge around Ti and/or form 
oxygen vacancies. The potential energy of dopant ions are disturbed and electrons are 
efficiently trapped. Therefore, the oxidation process could be improved significantly. Shah et 
al. [73] found interstitial dopants to be more photoactive. However, other research groups 
were found the substitutional dopants to be more photoactive [72, 74].   
Shen et al. [75] reported that Nb doped coatings have shown an enhancement of  
photoactivity in the visible range. As the ionic radii of Nb
5+ 
(0.074 nm) is close to that of Ti
4+ 
(0.074 nm), the Nb
5+ 
acts as a charge compensation mechanism in the titania lattice rather 
than on the induced stress, so it would reduce the amount of oxygen vacancies since it has 
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higher positive charge than Ti. The charge compensation of Nb
5+ 
is achieved either by the 
creation of one vacancy per titanium site per four Nb
5+
 introduced, or by reduction of one 
Ti
4+
 to Ti 
3+
 per Nb
5+
 introduced. Both mechanisms may be present, the latter being much 
more likely to occur at high temperatures. Whatever the case, the presence of a vacancy on a 
titanium site or the stress induced by the presence of Ti
+3
, suggests that a higher solubility 
limit of niobium into TiO2 may be found in anatase than rutile, in line with the undoped TiO2. 
However, for a complete description of possible Nb-doped TiO2 defects, the occurrence of 
oxygen vacancies also has to be considered [76].  
Ahmad et al. [77] investigated the effect of niobium doping on titanium dioxide. They have 
found that as the concentration of Nb metal increased from 0.5 at. % to 1.5 at.%, there were 
fewer rutile related reflections in the XRD traces. Thus the Nb dopant stabilizes the formation 
of anatase in the titania lattice. As the annealing temperature increased up to 700 °C in their 
samples, the crystallinity became stronger and more predominant. Niobium doping caused a 
decrease in band gap energy and introduced an additional transition level at 2.8 eV, which 
corresponds well to the assumption that niobium creates shallow electron traps below the 
conduction band. TiO2: Nb with Nb concentrations of up to 1 at.% showed an improvement 
in photocatalytic performance towards methylene blue decomposition under both types of 
irradiation, which was better than commercial Degussa P25 TiO2. 
Akurati et al. [78] reported that addition of WO3 to  TiO2 caused an increase in the 
photocatalytic activity of the resultant film under UV irradiation. As the concentration of 
WO3 increased in doped titania the film became less crystalline. The coordination of WOx 
species changed from tetrahedral to octahedral with increasing concentration of WO3. At a 
lower concentration of WO3, highly amorphous WOx species formed on the surface of W 
doped TiO2 substrate particles. This surface layer enhanced the acidity of the particles so 
more hydroxyl groups and more organic reactants can be adsorbed on its surface, leading to 
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significantly improved photocatalytic activity (as measured by the degradation of methylene 
blue) relative to commercial P25- TiO2.  
Molybdenum (Mo) is another transition metal dopant which has been shown to enhance 
photoactivity at Mo levels ≥ 1 at. % [79]. Lopez et al. [80] produced TiO2/Mo powders with 
Mo levels of 0-5 wt. % using sol-gel methods. The samples were annealed at 500 °C. The 
highest photocatalytic activity was obtained at Mo levels of ca. 1 wt. %. Stengl et al. [81] 
found that incorporation of molybdenum ions into the crystal lattice of anatase TiO2 changes 
the morphology of particles from spindle-like shapes to rectangular or square-like. The 
molybdenum addition also increases the anatase phase stability to above 900 °C by inhibiting 
the growth of anatase crystallite, the increase of the lattice constants of anatase; and the red 
shift of the optical absorption of molybdenum doped anatase. The latter effects mean that, the 
molybdenum addition increases the photocatalytic activity of titania in the visible region of 
the electromagnetic spectrum.  
In summary, there is no uniform theory governing the selection of suitable doping metal to 
enhance the photoactivity of titania, but some examples are described in the literature [73, 
74]. Thus, to decrease the band gap of titania, a transition metal is expected to be 
incorporated into the titania lattice, rather than form a separate phase. This suggests that the 
ionic radius of transition metal should be comparable to that of titanium. It is also suggested 
that doping of titania with transition metal cations with valences greater than 4 has a better 
performance on photocatalytic properties, e.g. Mo
6+ 
[82]. 
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2.5.2 Non-metal – doped TiO2 thin film 
 
Doping TiO2 with different anions has been investigated by many groups in order to increase 
the photoactivity when irradiated with visible light [83-92]. Anions have been used as a 
substitute for oxygen in the TiO2 lattice. For these anion-doped TiO2 photocatalysts, the 
mixing of the 2p states of the doped anion (N, S or C) with the O 2p states shifts the valence 
band edge upwards, narrowing the band gap energy of TiO2. Unlike metal cations, anions are 
less likely to form recombination centres and therefore, are more effective at enhancing the 
photocatalytic activity of TiO2 [93]. 
Asahi et al. [83] prepared TiO2-xNx films by sputtering from a TiO2 target in an N2 (40%)/Ar 
gas mixture. After being annealed at 550 °C in nitrogen for 4 hours, the films were 
crystalline, with features assignable to a mixed structure of the anatase and rutile crystalline 
phases. TiO2 films were also prepared in a similar fashion by sputtering from a TiO2 target in 
an O2 (20%)/Ar gas mixture and subsequently annealing at 550 °C in oxygen for 4 hours. The 
nitrogen doped samples were more active than pure TiO2 under visible light irradiation. They 
have also calculated the electronic band structure of TiO2 containing various substitutional 
dopants including C, N, F, P and S. Substitutional doping with N narrowed the band gap most 
significantly because its p state mixed with the O 2p states[83]. Since Asahi’s work nitrogen 
doping has been considered to be the most effective approach to improving photocatalytic 
activity under visible light illumination.  
 
Di Valentin et al. [94, 95] investigated the mechanism of nitrogen doping. They performed 
DFT calculations considering two different doping models of substitutional and interstitial 
nitrogen doping. Their results showed that in substitutional doping the nitrogen atom is bound 
to three Ti atoms and replaces lattice oxygen in TiO2. This nitrogen atom is in a negative 
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oxidation state (N
2-
). In interstitial doping the nitrogen atom is bound to one lattice oxygen 
and therefore is in a positive oxidation state. The resulting NO species interacts with the 
lattice Ti atoms through its p-bonding states [94]. In preparing N-doped TiO2 the 
experimental parameters will determine which doping type will dominate the structure. 
Interstitial doping will be preferred when there is an excess of nitrogen and oxygen in the 
process. In high-temperature, oxygen deficient, calcination processes N-doping will result in 
substitutional doping and oxygen vacancies. In both systems the formation of localized states 
in the band gap are found. Substitutional nitrogen states are situated above the valence band 
whereas interstitial nitrogen states are placed higher in the gap. Excitation from these 
localized states to the conduction band may result in a narrower band gap and in a red shift 
towards the visible light region [94].  
In addition Di Valentin et al. [94] calculated a relative difference in core level shifts for N-
doped TiO2 samples and compared them with the experimental values based on X-ray 
photoelectron spectroscopy (XPS) measurements. The investigators reported that the 
calculated core level shift between substitutional and interstitial doping was 1.6 eV which 
correlated well with the experimental values for 397 eV (attributed for substitutional N) and 
>399eV (interstitial N) [94].  
Another approach for enhancing photocatalytic activity of TiO2 is addition of halogen 
elements into titania thin films. Halogen elements provide both cation and anion substitutes 
for Ti
4+
 and/ or O
2-
 in the TiO2 matrix. The precursor of the doping ion will greatly influence 
the chemical state of the impurities of the doped samples. Fluorine, chlorine and bromine 
generally exist in the TiO2 matrix with a chemical state of -1, indicating their substitutions of 
O
2-
 in TiO2 crystals; however, iodine usually is present as a cation (+5 and +7) for occupying 
the Ti sites. They have shown good photocatalytic activity under visible light illumination 
[96, 97]. 
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Chapter 3: Thin film deposition 
 
3.0 Physical vapour deposition 
 
Physical vapour deposition (PVD) is a term given to a group of thin film deposition processes 
involving physical mechanisms such as sputtering and evaporation. The evaporation process 
involves the heating of the solid source in a high vacuum to a point where it has a high 
vapour pressure; this usually requires the temperature to exceed the melting point of the solid.  
In sputtering, atoms are removed from a solid target by ion bombardment. The atoms and 
molecules are transported in the vapour state, either through vacuum or low pressure gas or a 
plasma environment and then condense on the substrate as thin films. The films produced 
during PVD can have different composition and structures depending on operating 
parameters [98]. PVD processes can be divided into three main types; vacuum evaporation, 
ion plating and sputtering [99]. Only sputtering will be described in detail, as this was the 
technique used in this project. 
 
3.1 Glow discharge plasmas 
 
Plasma is partially ionised gas, which includes a mixture of neutral particles, radicals, ions 
and electrons (Figure 3.1). Plasmas play an important role in several PVD coating techniques. 
A plasma is created when the energy contained within a material is increased to such extent 
to produce ionisation. When ionisation occurs there is also excitation of atoms and ions, 
which in turn leads to decay, and production of photons giving the plasma its characteristic 
‘glow’. Plasmas can be formed by a number of methods, but the only one of great importance 
in this project is the plasma created in a vacuum by application of an electric field. The type 
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of plasma used in the sputtering process can be discussed by considering a DC diode 
discharge. This system consists of two electrodes (target and substrate holder) within a 
vacuum chamber and an external high voltage power supply to generate an electric field 
between the two electrodes. This system is evacuated to a base pressure in the region of 10
-3
 
Pa (high vacuum). Argon gas is introduced into the chamber in order to initiate the discharge. 
The gas atoms are ionised via collisions with electrons accelerating from the cathode. The 
target is then bombarded with positive argon ions that lead to the ejection of target atoms. 
When the ions accelerate to the cathode (target), they also cause emission of secondary 
electrons, which are the main source of ionising electrons in the discharge [100]. The voltage 
required depends on the gas pressure, which determines the ‘mean free path’ of the ionised 
particles (electrons, ions, neutral atoms or molecules). The mean free path measures a typical 
distance a particle travels between collisions. When the mean free path is large, electrons 
travels to ground without colliding with an atom and the level of ionisation is very low, i.e. 
there is an optimum value/pressure for each system. The gas pressure that is required to 
ensure that species within the chamber will collide with one another to cause ionisation is in 
the region of 0.1 to 1 Pa for magnetron sputtering system. In this pressure range, the mean 
free path is in the range 60-6 mm.  
The plasmas that are used during magnetron sputter deposition are considered to be low 
temperature plasmas. Low temperature plasma has a low degree of ionisation, typically 1 in 
1000 to 1 in 10000 atoms are ionised so the majority of plasma consists of neutral gas atoms.  
The number of positive and negative species per volume is balanced in the plasma, so it 
remains electrically neutral overall in a state described as quasi-neutral. The plasma sustains 
its quasi-neutral state due to strong electrical fields. Despite being in a state described as 
quasi-neutral, plasmas are not neutral on a small spatial scale and when interacting with the 
vacuum chamber wall. This happens due to the mass difference between positively charged 
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particles (ions) and negative charge carriers (electrons). Electrons are also far more energetic 
than ions and neutral particles. Average electron energies are about 2 eV that corresponds to 
an effective temperature of approximately 23000 K, neutral particles and ions have energies 
of about 0.025 eV and 0.04 eV, corresponding to temperatures of 290 K and 400 K, 
respectively. Thus, electrons will respond much faster to applied electric fields and will 
initially leave plasma faster than ions. This results in the plasma acquiring a net positive 
potential, which then tends to reduce the flow of electrons and increase the flow of ions from 
the plasma, such that the flux of ions and electrons are equal. 
Ion bombardments from glow discharges are used during magnetron sputter deposition to 
generate coating flux, to sputter clean the substrate prior to deposition, and to provide a 
source of energetic particles to bombard the growing film. 
                                             
Figure 3.1: Glow discharge plasma from metal target.  
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3.2 Sputtering  
 
Sputtering is a momentum transfer process in which an impinging ion impacts the target 
surface (cathode) with sufficient energy, to overcome the binding energy of atoms on the 
target surface, which is typically in the range of 2-10 eV [101]. If the incident particles have 
enough energy (2-10 eV), they will impact the surface causing a collision cascade, which will 
eventually lead to an atom of the target material being ejected into the surrounding plasma 
[101]. Therefore, ion bombardment can have a number of effects on the target surface: 
1) Secondary electron emission from ionised target atoms (or energetic particles) 
2) Collision cascades within the target material, which often lead to sputtering events 
3) Photon or X-ray emission 
4) De-sorption of surface gas atoms 
5) Implantation of bombarding species in the target material 
6) Reflection of impacting species as high energy neutral particles 
7) Re-deposition of the sputtered species due to collisions with the gas species causing 
ionisation and acceleration back to the target     
The sputtered material then moves through the plasma and condenses on the substrate (Figure 
3.2). However, this process is very slow due to the small number of ions available for 
sputtering. The ionisation fraction is so low (0.1%) because the secondary electrons emitted 
from the target surface are only likely to undergo a few collisions en-route to the anode. 
Increasing the process gas pressure would increase the number of collisions but this also has 
the detrimental effect of increasing scattering of the sputtered species thus lowering the 
deposition rate and lowering the energy of the active species. Thus the problems of low 
deposition and ionisation were improved with the use of magnetic fields (section 3.3). 
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Figure 3.2: Schematic representation of basic sputtering process.  
 
3.3 Magnetron sputtering 
 
Magnetron sputtering was developed in the 1970s [102] by Chapin. It improves over the 
basic sputtering technique by introducing a magnetic field in the region of space in front of 
the target. Magnetic fields are used in the magnetron to control the movement of the charged 
particles and to produce good plasma confinement to increase the plasma density near the 
cathode surface and to enhance the sputtering rate (Figure 3.3). The magnetic field produces a 
closed system of flux, which electrons from the ionised gas travel along. The magnetic field 
lines travel from north to south through the target material, as the magnets are situated behind 
it. This entrapment of electrons creates a highly increased amount of ionisation near the target 
surface removing many more target atoms at a lower voltage. The dense plasma, which 
formed between the two poles, creates a characteristic erosion path known as the racetrack. 
This region is the only area of the target to be eroded significantly- typically only 30% of the 
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target is utilised for deposition. Magnetic fields have a considerable effect on charged 
particles within the plasma (the effect on electrons is 1000 × greater than ions due to their 
very low mass); the magnitude of this effect is dependent on the mass of the charged particle, 
the magnetic field strength, the velocity of the particle and its charge. In sputtering there is an 
electric field present, the initiator of the sputtered material (plasma), the electric field 
accelerates both electrons and ions on a path towards either anode or cathode. A magnetic 
field (B), with field lines starting and ending on the cathode surface, is used to trap electrons. 
The electric field (E) is always orientated normal to the surface of the cathode and 
perpendicular to the magnetic field. This result in an E×B drift for electrons, which gives rise 
to a sequence of cycloidal hopping steps parallel to the cathode face. If magnetic field lines 
originate and terminate on the surface, the energetic electrons travel along the field lines and 
get reflected at the mirror regions as they approach the cathode. As a result, the secondary 
electrons, which are emitted from the cathode because of ion bombardment, are confined to 
the near vicinity of the cathode. A higher density plasma region is produced above the target 
surface which causes an increase in ion bombardment of the target, giving higher sputtering 
rates and, thus, higher deposition rates at the substrate [103, 104].  
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Figure 3.3: The cross section of a magnetron with the location of magnetic field lines.    
 
3.4 Unbalanced magnetron sputtering  
 
Magnetron sputtering is a technique where a magnetic field was introduced in the region of 
space in front of the target. A disadvantage of the standard magnetron is that outside a 
distance of approximately 60 mm from the target surface the density of the plasma drops 
rapidly. If the substrate is placed outside this dense plasma zone, there is little surface 
modification to the growing film from ion bombardment. The bombardment of the growing 
film by ions from the plasma is a very important process, which has been shown to influence 
both chemical properties such as the formation of compounds or the incorporation of gaseous 
atoms into the film and physical properties such as a change in grain size, density, level of 
residual stress, the electrical resistivity, the dielectric constant and the stability of the film 
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[105]. Typically the ion current density reaching the substrate in a standard magnetron is less 
than 1 mA/cm
2
 [106]. The magnetron therefore requires a small target to substrate distance in 
order to have higher ion bombardment of the target, higher deposition rate at the substrate 
and to give improved film qualities, which is not convenient for coating 3D components or 
large surface areas. However, this problem was tackled by the development of the unbalanced 
magnetron in 1986 by Window and Savvides [107-109]. 
In unbalanced magnetron sputtering (UBM) the strength of outer magnet is stronger than the 
inner magnet (type II) which means not all the plasma is confined to the target region, but 
some is directed out towards the substrate. This in turn means that secondary electrons would 
follow the magnetic flux causing ionisation of the surrounding gas, which would then also 
travel towards the substrate. The dense plasma then extends out towards the substrate 
increasing ion bombardment (Figure 3.4). The magnitude of this increased ion bombardment 
will be dependent on gas pressure, target voltage, degree of unbalance and substrate bias 
condition, but can be in the range of 2-10 mA/cm
2
. This high level of ion bombardment of the 
growing film results in films with good structural and physical properties [110, 111]. The 
UBM therefore acts as two sources at once, a magnetron with a high deposition rate and a 
source of a medium energy ion beam, which can be used to enhance film properties. 
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Figure 3.4: Schematic representation of the plasma confinement observed in conventional and 
unbalanced magnetrons.  
 
3.5 Closed - field unbalanced magnetron sputtering  
 
With the development of closed-field unbalanced magnetron sputtering (CFUBMS), a closed 
magnetic field is created by arranging adjacent magnetrons with opposite magnetic polarity, 
thereby resulting in much higher ion current densities (increasing ion to atom arrival ratio) 
and dense, well adhered coatings by enhanced chemical reaction at the substrate (Figure 3.5). 
Closed field systems can be configured using any even number of magnetrons. The ion to 
atom arrival ratio at the substrate is also dependent on the magnetic field configuration. It is 
possible to vary the ratio by more than a factor of ten from going from a single unbalanced 
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magnetron (UBM) to closed field unbalanced magnetron sputtering (CFUBMS) system and 
up to 60 times in changing the configuration from mirrored to closed field [112]. Increasing 
the ion to atom arrival ratio represents increasing ion bombardment and thus the amount of 
energy available to modify the growing film. Thus a high ion to atom arrival ratio is 
beneficial to promote adatom (deposited atoms) mobility and diffusion within the coating 
(section 3.10). In CFUBMS the ion to atom ratio increases with increasing target to substrate 
separation, this is beneficial for coating irregular large substrates with a high degree of ion 
bombardment. The high degree of ion bombardment promotes the formation of dense 
structures without the need for external heat sources or excessive substrate bias voltages 
[104], since the excessive substrate biasing can lead to defects in the film and increased film 
stress, and therefore, be detrimental to the overall film properties.    
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Figure 3.5: Schematic representation of closed field magnetron sputtering system.  
 
3.6 Reactive sputtering  
 
Reactive sputtering can be defined as ‘a method of depositing films that have a different 
composition to the target from which they were sputtered due to the addition of a reactive gas 
to the system’ [113]. In pure metal coatings only argon gas is used as the process gas, but in 
reactive sputtering additional reactive gases are used, such as nitrogen, butane or oxygen. 
Reactive sputtering can, thus, be used to deposit most nitride, carbide and oxide thin films 
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with desired compositions as a controlled monolithic or compositionally graded structure 
[104, 114].  
Oxide films that are formed using the reactive sputtering process are often dielectrics 
(insulators). A dielectric is defined as ‘a material which polarises in an electric field and 
remains charged when the field is terminated’ [115]. The reaction between the metal target 
atoms and the reactive gas can take place at the target surface or at the surface of the 
substrate. The reacted species may also re-deposit themselves onto the target surface. In the 
case where the reaction takes place at the target or there is re-deposition, a build-up of 
possibly insulating reaction products can occur on non-eroding parts of the target surface (i.e. 
regions away from the racetrack). When an insulating film forms on the target surface, it can 
charge up electrically. If the charge reaches the breakdown voltage for the insulating film, an 
arc will occur.  
There are two types of arcing, which can occur within a magnetron system. The first of these 
is a ‘hard’ or ‘bi-polar’ arc; this can occur between the cathode and a certain part of the 
sputtering system, typically the earth shield surrounding the cathode. Taking the supply 
voltage to zero normally quenches this type of arc- most DC power supplies have this facility. 
The second type of arc is referred to as a ‘micro’ or ‘uni-polar’ arc. These occur on the 
surface of the cathode and terminate on the same surface. Micro arcs are initiated by the 
plasma. The reason for this is that ions from the plasma bombarding the insulating (dielectric) 
layers, which formed on the non-eroding areas of the target surface, cause such areas to 
charge up. This effect is like that of a capacitor until a point which the dielectric layer breaks 
down, forming small self-sustaining discharge-micro arcs, which in turn can lead to the 
formation of a hard arc.  Arcs usually result in droplets being ejected from the target surface 
which contaminate the growing film, and these droplets degrade the film quality. 
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Arcs affect the structure of the film, the process control system, deposition rate and damage 
the power supply. Historically, to overcome these problems, radio frequency (RF) power has 
been used, but RF power is more expensive to use than direct current (DC) powder. RF 
sputtering works due to the much higher mobility of electrons than the heavier ions. A target 
potential is established at V0 with relation to the plasma, where V0 is the mean value of the 
RF voltage. The mean is shifted negatively from zero to a point where the flow of electrons is 
equal to the flow of the slower ions. The target thus can only be positive in relation to the 
plasma for a small part of the RF cycle so that the flux of positive ions and negative electrons 
charges reaching the target surface are the same. RF power supplies cost more per watt than 
DC power supplies, and a matching network must be used in a RF system further adding to 
the overall cost. For an equivalent amount of power, the deposition rate with RF power is 
about half the rate for DC power [116]. 
 
3.7 DC and Pulsed DC power supply 
 
DC power could be used for the reactive sputtering of insulating films if compound formation 
on the target surface could be avoided by separating the reactive gas from the target. It has 
been shown that if a box with a mesh opening is added around the sputtering target and the 
argon is introduced, while the reactive gas is introduced next to the substrate, it is possible to 
use DC power for reactive sputtering of insulating films [117]. The disadvantages of this 
technique are that it is maintenance intensive and flakes from the coated mesh may break off 
and lower film quality. In addition, sputtering through a mesh reduces the deposition rate. In 
the early to mid-1990s, pulsed DC and mid-frequency alternating current (AC) power were 
introduced for reactive sputtering of insulating films. Both pulsed DC (typically 2-350 kHz) 
and mid frequency (typically 40 kHz) AC use a voltage reversal at the cathode to offset the 
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charge build up on the target surface. With pulsed DC power, the polarity of the power 
delivered to the target is alternated between negative and positive (only for bipolar supplies) 
[118]. In unipolar pulsed sputtering, the target voltage is pulsed between the normal operating 
voltage and ground (Figure 3.6). During a negative pulse, which is the normal condition for 
sputtering, ions are attracted to the target to eject target atoms, while during the positive pulse 
electrons from the plasma are attracted to the target to discharge any charged regions. Since 
the magnitude and duration of the negative pulse are greater than those for the positive pulse, 
this type of pulsed power is known as asymmetric pulsed DC power (e.g. the positive voltage 
is typically10% of the negative supply voltage), and it is used most often for the reactive 
sputtering of insulating films (Figure 3.6).This reversal occurs at a frequency typically 
between 20-350 kHz with durations of 1-10 µs. 
There are three key variables that can be changed in pulsed sputtering, the frequency, reverse 
time and reverse voltage. The frequency determines how many times per second the supply 
pulses on and off to neutralise charge build up on the dielectric layer. This frequency has to 
be set high enough to prevent the voltage climbing up causing breakdown of the dielectric 
layer. The reverse time determines how much of each pulse is spent in the off phase – this 
parameter also determines the duty cycle i.e. how much time is spent sputtering and how long 
spent discharging. This parameter is critical due to the fact that the time must be set carefully 
to be long enough to prevent breakdown of the dielectric layer and short enough to minimise 
loss of sputtering time. The reverse voltage has to be set high enough to enhance preferential 
sputtering of the dielectric layer but not too high as back sputtering may occur from chamber 
walls and substrate. Several authors reported the advantage of pulsed DC sputtering 
compared to continuous DC sputtering, since charging and arcing does not have sufficient 
time to occur in the poisoned regions [119, 120].  
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One of the arc suppression methods is the use of smart power supplies. Arcs are detected by 
rising currents and/or falling voltage. At very high sputter power levels, voltage drop 
detection is much less ambiguous than current changes. Once detected, a smart power supply 
shuts down the arc by interrupting the energy supply, and in some cases the voltage is 
reversed. Sputter conditions are restored after the arc spot region was allowed to cool down. 
Developers of power supplies have succeeded in reducing the duration between arc detection 
and shutdown to some 10 µs. However, since arc ignition and spot development are sub-
microsecond events, residual damage may still occur, leading to the ejection of some macro 
particles [121].      
 
                         Pulse off 
      
 
    
           Pulse on  
 
Figure 3.6: Schematic  waveforms of unipolar and bipolar pulsed sputtering.  
 
3.8 Film formation  
 
There are three main stages in all PVD processes:  
1) Formation of vapour phase species (the appropriate atomic, molecular, or ionic species) 
within the chamber from a solid source. The vapour phase of the material can be formed by 
the sputtering of the solid source in an inert gas atmosphere or heating a solid above its 
meting point to a temperature at which it has a significant vapour pressure. Different types of 
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reactive gas such as nitrogen and oxygen can be employed in order to react with the vapour 
species and form oxide or nitride coatings [122]. 
2) Transport of these species to a substrate through a reduced pressure gas medium. Gas 
pressure has a great influence on the energy of the atoms arriving at the substrate which in 
turn influences the film structure. Sputtering takes place at a higher gas pressure (0.1 to 1 Pa) 
compared to evaporation processes (10
-2
 Pa). What this means in terms of collisions is that, in 
evaporation processes there are few or no collisions between the evaporated atoms and the 
residual gas molecules in the chamber, in passing from source to substrate; i.e. the mean free 
path of the particles is large (>1m) in relation to the size of the chamber.  Sputtering takes 
place at a higher gas pressure, which means that the mean free path of the particles is reduced 
(6-60 mm) from source to substrate separation, and thus more collisions take place between 
residual gas particles and sputtered particles. A reduction in energy of the sputtered atoms 
and the scattering of these atoms are caused by these gas-phase collisions.  
3) Condensation of atoms on a substrate. This process takes place either directly or via a 
chemical and/or electrochemical reaction, to form a solid deposit. The temperature of the 
substrate and the energies of the impinging ions/atoms on the substrate are two important 
factors which affect film growth on the substrate. The adhesion, composition, stress and 
structure of thin films can be altered by bombardment of the substrate by energetic 
atoms/ions. Formation of a thin film takes place via nucleation and growth processes. Island 
growth, layer growth and Stranski-Krastanov growth are the three main forms of growth 
[106]. The predominant growth mechanism depends on the relative strength of attraction of 
the sputtered atoms/ions to themselves and to the substrate material.  
In island growth, the mean free path of diffusing adatoms is equal to the mean island 
separation and adatoms will attach themselves with much higher probability to existing 
islands creating larger ones. Approaching coverage of about half a monolayer, islands 
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eventually coalesce which decreases their density. In layer growth, atoms are more strongly 
bound to the substrate than to each other. Faster diffusion takes place and the growth is two-
dimensional and monolayers form on top of each other. In Stranski-Krastanov growth, first 
layer by layer growth takes place followed by growth through nucleation and coalescence of 
adsorbate islands. An important factor that determines the mobility of the adatoms is their 
energy; a high energy adatom is more likely to diffuse across the substrate material and then 
become trapped at low energy sites, possibly undergoing diffusion processes rather than 
rebounding from the substrate.  
 
3.9 Film structure 
 
In PVD processes, the structure of the growing film depends on various factors; such as 
chamber gas pressure, temperature achieved at the substrate and energy of incident particles. 
The first studies of film growth were carried out by Movchan and Demchishin [123]. Their 
initial studies explored the effect of the substrate deposition temperature, T and the melting 
temperature Tm of the deposited film. Their work was carried out using electron beam 
evaporation. They showed that the deposited film structure can be divided into three zones 
(Figure 3.7).  
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Figure 3.7: Movchan and Demchishin structure zone model [123]. 
Zone 1 represents structures that form at lower substrate temperatures where the deposited 
films have a porous columnar structure. This is due to the fact that adatoms ( deposited 
atoms) do not have enough energy to diffuse across the surface and therefore grow in a 
predominantly island type growth.  As the islands grow into columns, this results in 
shadowing effects causing the formation of voids in the growing lattice. The crystals are 
segregated by voids and have rounded tops on the upper surface. This structure is 
mechanically weak and has few applications. 
In the 2
nd
 zone, the structure becomes denser with fewer voids separating the crystalline 
columns, and grain size has also increased. The energy of the depositing film approaches the 
energy needed for surface diffusion and thus adatoms have enough energy to migrate across 
the surface to provide a denser structure than the 1
st
 zone. Metallic deposits are an 
approximation of cast metals. This is a very common structure for sputtered coatings and has 
better properties that makes it much more suited to engineering applications than the zone 1 
structure. 
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As the temperature increases in the 3
rd
 zone, equiaxed grains and a shiny surface forms. The 
energy is now approaching that needed for bulk diffusion and adatoms have enough energy to 
diffuse within the growing film and bulk processes, such as recrystallisation and grain growth 
occur. The properties of metals deposited in this range represent those of a fully annealed 
metal. This structure is relatively rare due to the elevated temperature required for formation. 
Thornton [124] further investigated structure formation during the sputtering process by 
incorporating process gas pressure effects (Figure 3.8). The model is similar to the previous 
model, however an additional zone was introduced - Zone T – which is a transitional zone 
between the 1
st
 zone and the 2
nd
 zone structures. According to Thornton’s description, there 
are two zones of growth morphology depending on gas pressure at lower substrate 
temperature, which are the transition zone (zone T) and zone 1. At lower gas pressures (zone 
T structure); the film consists of a more dense structure with a mirror-like surface 
topography. At high pressure (zone 1 structure), columnar micro crystals with voids are 
formed. Zone 2 and 3 are the most useful structures in typical thin film coating applications.  
                              
Figure 3.8: Thornton structure zone model for sputtered coatings [124].  
As the magnetron sputtering technique has been developed over the years, further expansion 
of the Thornton zone model was needed. In the 1990s Kelly et al. [104] introduced a structure 
zone model that represents the structure of thin film deposited by the closed field unbalanced 
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magnetron sputtering (CFUBMS) technique. In this model parameters such as homologous 
temperature T/Tm (where T is the substrate temperature and Tm is the melting point of coating 
material) bias voltage at the substrate (ion energy) and ion to atom ratio at the substrate Ji/Jn 
(ion flux) were considered (Figure 3.9). This structure zone model points out that film 
deposited by closed field unbalanced magnetron sputtering (CFUBMS) represent fully dense 
columnar structures at relatively low homologous temperatures, compared to other PVD 
processes (zone 3 at T/Tm of 0.43, zone 2 at 0.13). Zone 1 structures are not formed. This is 
one of the reasons CFUBMS has become an important coating technique for many 
applications and was the system of choice in this study. 
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Figure 3.9: Schematic representation of structure zone model relating to closed field 
unbalanced magnetron sputter deposited film by Kelly et al.[104] .  
 
3.10 Adhesion  
 
The adhesion of the deposited film onto the desired substrate is one of the key properties of a 
thin film. The adhesion depends on the chemical nature, cleanliness, and microscopic 
topography of the substrate surface. In practical situations adhesion can be measured using a 
range of techniques such as the scratch test [125].  
In order to determine the adhesion between a substrate and a film, it is important to know the 
type of interfacial layer formed. There are five types of interfacial layer: 
1) Diffusion interfacial layer: gradual change in composition from substrate to film 
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transition zone. This can only occur when there is partial solubility between the two 
materials and when there is enough supplied energy. 
2) Pseudodiffusion interfacial layer: caused by particle bombardment at high energies of 
materials that would not normally undergo diffusion type processes. This involves the 
backward scattering of gas phase substrate atoms, which mix with the vapour phase 
atoms/ions of the coating material, which then in turn condense and re-condense on 
the substrate. Ion bombardment before and during coating has the effect of 
roughening the surface, which in turn increases the amount of diffusion between the 
two layers, and thus the amount of anchoring between the two materials is also 
increased. 
3) Chemical bonding interfacial layer: when a chemical reaction occurs between the film 
and substrate atoms. 
4) Monolayer on monolayer: occurs as an abrupt transition from substrate to film 
material, when there is almost no mixing of the two materials. This mainly occurs on 
very smooth, dense, non-reactive substrate materials.   
5) Mechanical interfacial layer: when the substrate is rough and porous, the coating fills 
the holes within the substrate surface and a mechanical anchoring is formed. 
All of these forms of interfacial layers can happen at any one time. Pseudodiffusion is the 
most common form that occurs in the PVD process [125].    
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Chapter 4: Experimental and analytical techniques  
 
4.0 Introduction 
 
This chapter describes the methods used for preparing, coating and characterising the coated 
stainless steel. Techniques for assessment of the antibacterial activity of the coatings are also 
described. The background information and key principles behind each of analytical 
techniques is provided. 
 
4.1 Film formation and analysis  
4.1.1 Magnetron sputtering rig 
 
The coatings were produced by unbalanced reactive magnetron sputtering in a Teer Coatings 
Ltd. UDP450/4 sputtering system [126]. The rig achieves high vacuum using a BOC Edwards 
40 rotary pump and Edwards Diffstack 250/2000 oil diffusion pump. The pressure is 
monitored via a Penning gauge, two Pirani gauges and a Baratron
TM
 gauge. Three 300 mm × 
100 mm vertically opposed unbalanced planar magnetrons and one blanking plate at 90° 
intervals around the chamber; two magnetrons were fitted with titanium targets and one with 
the dopant metal target (molybdenum (Mo), tantalum (Ta), niobium (Nb), or tungsten (W). 
All the targets were of 99.5% purity. The base pressure of the sputtering chamber was 1×10
-3 
Pa. During sputtering the flow rate of argon was controlled using a mass flow controller. The 
flow rate of oxygen was controlled by a Megatech Reactaflo
TM
 optical emission monitoring 
system (OEM) which controls the flow of oxygen into the chamber via a piezo electric valve. 
Operating set points were selected that were previously found to produce stoichiometric TiO2 
coatings [126] (15% of full metal signal). The OEM was used to monitor an emission line in 
the Ti spectrum (504 nm) and allowed O2 into the chamber until the Ti signal fell to 15% of 
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the full metal signal and was held at 15% by a feedback circuit. The reactive sputtering 
process was carried out in an argon: oxygen atmosphere at 0.3 Pa. The commercially 
available AISI 304 2B finish stainless steel substrates (2 × 1 cm) were ultrasonically cleaned 
with isopropanol then mounted on a substrate holder after cleaning, which was rotated at 4 
rpm during deposition. The target to substrate separation was 8 cm. The magnetrons with the 
titanium targets were in the closed field configuration and driven in pulsed DC sputtering 
mode using a dual channel Advanced Energy Pinnacle Plus supply at a frequency of 100 kHz 
and a duty cycle of  50% (in synchronous mode). The third magnetron, with the dopant metal 
target, was driven in either continuous DC mode (Advanced Energy MDX power supply) or 
pulsed DC mode. The Ti targets were operated at a constant time-averaged power of 1 kW 
each for all runs and the dopant target was operated at powers in the range of 60–240 W to 
vary the dopant content. Pulsed DC mode with the frequency ranging from (100 - 350 kHz) 
was also used for dopant metal target in order to change the dopant content.  
An additional set of W, WO3, Mo, MoO3, Nb and Nb2O5 coatings were produced for 
antimicrobial assays. For transition metals and their oxides (W, WO3, Mo, MoO3, Nb and 
Nb2O5) coatings were deposited from one target operated in pulsed DC, at a power of 1 kW, 
100 kHz and a duty cycle of 50%.  
The titanium and dopant targets were cleaned before each coating run by pre-sputtering in a 
pure argon atmosphere for about 10 minutes. Deposition time was varied to obtain a film 
thickness of 800 nm - 1.2 µm. The sputtered films were annealed post deposition at two 
different temperatures (400 °C and 600 °C) for 30 minutes in air.  
Three samples from each batch were kept in the dark (sealed in an aluminium foil) (in case 
there was a need for future monitoring) to monitor variation and reproducibility of the 
photocatalytic activity of the coatings (Appendix A).  
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4.2 Analytical techniques 
4.2.1 Raman spectroscopy 
 
Raman spectroscopy is a structural characterization technique. It is used in condensed matter 
physics and chemistry to study vibrational, rotational and related low frequency modes of a 
system [127]. It relies on inelastic scattering, or Raman scattering, of monochromatic light. 
Lasers of visible, near infrared or near ultraviolet range frequencies are typically used as a 
light source for the Raman spectroscopy. Photons of laser light are absorbed by the sample 
and re-emitted. The shift in energy provides information about rotational, vibrational and 
related low frequency modes of the system that provides information regarding the crystal 
structure of the coatings.  
In a Raman spectroscopy process, a specimen is illuminated with the laser; the re-emitted 
light is collected via lens and directed through a monochromator. The wavelengths closely 
corresponding to those of the laser are filtered out to eliminate elastic Rayleigh scattering 
components. The remainder of the light goes to a detector in order to observe the Raman 
effect (Figure 4.1). 
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Figure 4.1: An energy diagram showing the transitions involved in Rayleigh and Raman 
scattering [127]. 
When the energy of the scattered radiation is less than the incident radiation, Stokes 
scattering occurs and when the energy of the scattered radiation is more than the incident 
radiation, Anti-Stokes scattering occurs. Anti-Stokes lines correspond to rotational relaxation 
whereas Stokes-lines correspond to rotational excitation (Figure 4.1) [127].  
The energy increase or decrease from the excitation is related to the vibrational energy 
spacing in the ground electronic state of the molecule. Consequently, it directly measures the 
wavenumbers of the Stokes and Anti-Stokes lines and gives the vibrational state of the 
molecule at a specific radiation. It is the change in wavelength of the scattered photon which 
provides the chemical and structural information of material. Raman shifts are typically 
measured in wavenumbers and typically expressed in cm
-1 
(Figure 4.2).  
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Figure 4.2: An example of the Raman spectra of the anatase phase from nanocrystalline 
powder. 
Raman spectroscopy offers several advantages for microscopic analysis. Since it is a 
scattering technique, specimens do not need to be fixed or sectioned. Raman spectra can be 
collected from a very small volume; these spectra allow the identification of species present 
in that volume. In general, glass, metal or water does not interfere with Raman spectra 
analysis. Raman spectroscopy can be used to identify the crystal structure of a coating. As the 
vibrational characterisation of specific chemical bonds are known, Raman spectroscopy can 
be used to identify the crystal structure of a coating. The Raman system used for crystal 
structure determination was a Renishaw Invia system using a 514 nm laser. 
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4.2.2 X-ray diffraction (XRD) 
 
 
 
 
 
 
 
 
Figure 4.3: Schematic illustration of Braggs reflection. 
 
X-ray diffraction techniques can be used to analyse the thin films crystal structure because 
crystalline materials diffract X-rays in a material specific manner according to the Bragg 
condition, equation (4.1):  
 
                                               nλ= 2 d sin θ            (4.1) 
Where;  
n is an integer  
λ is the wavelength of the incident X-rays 
d is the spacing between the planes in the atomic lattice, and 
θ is the angle between the incident ray and the scattering planes (Figure 4.3). 
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Constructive interface between incident and diffracted X-rays only occurs when the multiples 
waves and the latter are in phase. Therefore, peaks in diffracted X-ray intensity are recorded 
only at diffraction angles which meet the Bragg condition, i.e. when the path difference 
between X-rays reflecting off adjacent crystal planes is equal to integer multiples of the X-ray 
wavelength.  Different crystalline materials, even if they share the same unit cell type, will 
have different lattice spacing, determined by atomic distances and so have distinct diffraction 
peaks. Unknown materials may therefore be indexed either by comparison against reference 
patterns of known compounds, or by calculating lattice parameters and unit cell sizes from 
the diffraction data [128]. Phase identification is one of the most important uses of XRD 
techniques in thin films analysis. Figure 4.4 shows the fundamental characteristic of an XRD 
system, where the diffraction angle 2θ, is the angle between the incidents and diffracted X-
rays. In a classic experiment the θ - 2θ mode, the diffracted intensity is measured as a 
function of 2θ and the orientation of the sample, which yields the diffraction pattern. X-ray 
diffractometry traces were obtained using a URD6 Seiferd & Co diffractrometer in the θ - 2θ 
mode.    
                                 
Figure 4.4: Schematic diagram of θ - 2θ XRD system. 
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4.2.3 UV-VIS spectrophotometer 
 
UV-VIS spectrophotometer is used to obtain absorbance spectra of a compound in a solution 
or as a solid. A UV-VIS spectrometer consists of a light source, sample holder, diode array 
detector and a data acquisition computer. The space between the light source and detector is 
known as the sample compartment. The amount of ultraviolet and visible light transmitted 
through a sample is measured in the spectrometer. The wavelengths at which chemicals 
absorb light is a function of their electronic structure, therefore a UV/Vis spectrum can be 
used to identify some chemical species. The amount of chemical located between the detector 
and light source is associated with the amount of light absorbed for a particular 
sample/chemical. Once chemical species have been quantified after calibration, the UV-VIS 
spectrophotometer can be used to record the spectrum for the sample. An ultraviolet spectrum 
ranges from 200-400 nm while the visible spectrum is from 400 - 750 nm. A Perkin-Elmer 
Lambda 40 UV-Vis spectrophotometer was used for measuring the degradation of an organic 
dye (methylene blue), which was used as an indicator of the photocatalytic activity of the 
coatings produced in this project.  
In spectroscopic practice, quantitative analysis is based on the Lambert Beer Law, given by 
the equation (4.2):  
                                      
                                                 𝐴 = log10 [
𝐼0
𝐼
] = 𝜀𝑐𝑙                       (4.2) 
Where;  
A is absorbance, 
I0 is the intensity of the incident radiation, 
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I is the intensity of the radiation transmitted through the sample, 
ε is the molar absorptivity or molar extinction coefficient in dm-3.mol.cm-1 
c is the
 
concentration of the solution and
 
 
ɭ is the path length (cuvette). 
4.2.4 Scanning electron microscope (SEM) 
 
The SEM is one of the most flexible instruments available for the examination and analysis 
of the microstructural characteristics of solids. A scanning electron microscope (SEM) scans 
a focused electron beam over a surface to create an image. The electrons in the beam interact 
with the sample producing various signals that can be used to obtain information related to 
the surface topography and composition. The types of signals produced by a SEM include 
secondary electron (SE), backscattered electron (BSE), characteristic X-rays, specimen 
current and transmitted electrons. Secondary electrons are electrons generated as ionization 
products. BSEs are beam electrons that are reflected from the sample by elastic scattering. 
Secondary electrons and backscattered electrons are commonly used for imaging samples: 
secondary electrons are most valuable for showing the morphology and topography of 
samples and backscattered electrons are most valuable for illustrating contrasts in 
composition in multiphase samples.   
One of the reasons for its usefulness is the high resolution image with large depth of focus 
that can be obtained. The latter used to the three-dimensional appearance of the specimen 
image. The “shadow-relief” effect of the secondary (SE) and backscattered electron (BSE) 
contrast also adds to the three dimensional appearance [129].  
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Figure 4.5: Schematic diagram of the SEM. 
Another advantage of SEM is the wide variety of electron – specimen interactions that can be 
used to form an image and to provide qualitative and quantitative information such as surface 
roughness. The large depth of focus, the excellent contrast and the straightforward 
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preparation of solid specimens are the reasons for the considerable success and widespread 
use of scanning electron microscopy in the imaging of surfaces over the past decades.  
Three SEMs were used in this study, one at MMU (Zeiss Supra 40 VP-FEG-SEM) and the 
other at TCL (Cambridge Stereoscan 200 and JEOL 7000 Field Emission SEM (FESEM)) for 
examination of the scratch track generated during scratch adhesion testing of the coating (see 
Section 4.2.11). Scanning electron microscopy (SEM) was used to investigate the 
morphology of the coatings (carried out by TCL). An acceleration voltage of 15 kV was 
utilised. The composition and elemental distributions of the coatings were investigated using 
a SAMX energy dispersive X-ray analyser (EDX) system, attached to the SEM. The 
composition was measured on a minimum of five locations and the mean ±2σ (standard 
deviation) values were reported. High resolution SEM images were obtained using a JEOL 
7000 Field Emission SEM (FE-SEM) at an acceleration voltage of 10 kV. SEM specimens 
were prepared by mounting coated stainless steel substrates onto pin stubs using double-sided 
conductive compound adhesive tape. 
 
4.2.5 Energy dispersive X-Ray spectroscopy (EDX) 
 
Energy dispersive X-ray spectroscopy (EDX) is a technique used for the elemental analysis 
or chemical characterization of a sample. The EDX analysis system works as an integrated 
feature of a scanning electron microscope (SEM), and cannot operate on its own without the 
latter. At rest, an atom within the sample contains ground state electrons in discrete energy 
levels or electron shells bound to the nucleus. During EDX analysis, the specimen is 
bombarded with an electron beam inside the SEM. The incident beam may excite an electron 
in an inner shell ejecting it from the shell while creating an electron hole where the electron 
was. A position vacated by an ejected inner shell electron is eventually occupied by a higher 
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energy electron from an outer shell, and the difference in energy between the higher energy 
shell and the lower energy shell may be released in the form of an X-ray. The amount of 
energy released by the transferring electron depends on which shell it is transferring from, as 
well as which shell it is transferring to. Furthermore, the atom of every element releases X-
rays with unique amounts of energy during the transferring process. Thus, by measuring the 
amounts of energy present in the X-rays being released by a specimen during electron beam 
bombardment, the identity of the atom from which the X-ray was emitted can be identified 
[130]. 
The output of an EDX analysis is an EDX spectrum. The EDX spectrum is a plot of how 
frequently an X-ray is received for each energy level. An EDX spectrum normally displays 
peaks corresponding to the energy levels for which the most X-rays had been received. Each 
of these peaks is unique to an atom, and therefore corresponds to a single element. The higher 
a peak in a spectrum, the more concentrated the element is in the specimen; however there is 
a possibility of peak overlap which would affect the result. This also depends on the mass of 
the atom, since the light elements Z < 10 cannot be detected by EDX. In order to determine 
the concentration of each element in a specimen line intensities of each element are measured 
and compared with calibration sample containing the same elements in known compositions. 
The EDX technique is capable of identifying the elements in concentration in order of 0.1%. 
Experimental analysis is often conducted with an accelerating voltage in the 15 - 20 kV range 
since a broad array of elements will be detected. An additional spectrum collected at 5 – 10 
kV could help to avoid missing low atomic number elements at low concentrations. The 
accelerating voltage can subsequently be tailored to the element and shell level of the 
specimen. Therefore, accelerating voltage and atomic number are two factors that determine 
spatial resolution of and depth of signal from the specimen. The Accelerating voltage in the 
range of 5 - 15 kV was used which would give an estimate penetration depth of 83 nm – 1.72 
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µm which was depending on accelerating voltage and composition of material. Kanaya-
Okayama formula [131] was used to calculate the penetration depth. Results are presented in 
Appendix B.  
The accuracy of EDX results are around 5% of the recorded value. Composition was 
investigated by EDX—Edax Trident, installed on a Zeiss Supra 40 VP-FEG-SEM. 
4.2.6 White light interferometry (WLI) 
 
White light interferometry is a non-contact optical method for imaging and measuring the 
surface topography of a material. It provides both 2D and 3D images of specimen surface, as 
well as surface roughness measurements. WLI use a white light source through a filtering 
optical component towards a sample surface. It is possible to separate the light with a 
dispersive lens into its component wavelengths, each of which corresponds to a different z-
coordinate in the optical axis. Therefore the visible light spectrum is now encoded with a z-
coordinate as a function of varying focal distance from the end of the lens.  
WLI was employed to measure the coating thickness and roughness Ra (2D average surface 
roughness) and Sa (3D average roughness) values after the chemical durability tests (Figure 
4.6). Kapton 
TM
 tape was used during the deposition process to create a step in the coating, in 
order to divide the coated surface into coated and uncoated parts for thickness measurement. 
Analysis of the surface roughness and thickness were taken using a MicroXAM (phase shift) 
surface mapping microscope with an ADE phase shift XYZ 4400 ml system and an AD phase 
shift controller (Omniscan, Wrexham, UK). The image analysis system used was Mapview 
AE 2.17 (Omniscan, Wrexham, UK). Three samples of every surface were examined and five 
separate areas on each sample scanned to gain average values. 
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Figure 4.6: Schematic representation of white light interferometry microscope for measuring 
roughness and film thickness [132]. 
 
4.2.7 ICP-AES: Inductively coupled plasma atomic emission spectroscopy 
 
ICP-AES is an analytical technique that uses emission spectrophotometry in order to detect 
traces of metals in liquid [133]. It is a type of emission spectroscopy that uses the inductively 
coupled plasma to produce excited atoms and ions that emit electromagnetic radiation at 
wavelengths characteristic of a particular element. The intensity of this emission is indicative 
of the concentration of the element within the sample.   
This technique was used to quantify the amount of metal ions released in water from the 
surfaces used in this project because of concern about nanoparticle toxicity. A Varian Vista 
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AX CCD inductively coupled plasma atomic emission spectrometer (ICP-AES) (Varian Inc) 
was used to assess any Mo ion release from the deposited thin film coatings (since it was the 
only coating which had been placed in situ). Surfaces were individually placed into a petri 
dish to which 20 mL of HPLC grade water (Fisher Scientific, UK) was added and incubated 
under fluorescent lighting in a 20 °C incubator. At 2, 4, 8, 24, 48, 72, 96 and 168 hours 
surfaces were transferred to fresh HPLC grade water whilst the previous sample was kept for 
analysis by ICP-AES. All samples were frozen at -85 °C prior to analysis. Molybdenum ion 
release was calculated from calibration curves (0.1 to 5 ppm) and all tests were carried out in 
triplicate (samples). The accuracy of ICP-AES results are around 3% of the recorded value. 
 
4.2.8 Contact angle measurement 
 
The contact angle (θ) is an important term to define the wetting of a liquid on a solid surface. 
In an ideal situation, meaning the solid surface is smooth, rigid, chemically homogeneous, 
insoluble and non-reactive, the contact angle (the angle between γSL (solid/liquid) and γLV 
(liquid/vapour) is defined from Young's equation as following: 
                                   
                                       
                                                           cos 𝜃𝑌 =
𝛾𝑆𝑉−𝛾𝑆𝐿
𝛾𝐿𝑉
                   (4.3) 
 
Where θY is called the Young’s contact angle, γ is the surface tension that is the force per unit 
length of the interface. S, L and V represent solid, liquid, and vapour, respectively. Therefore, 
γsv is the surface tension between the solid phase and the vapour phase, γsl between the solid 
phase and the liquid phase, and γlv between the liquid phase and the vapour phase. γ is also 
often referred to as surface energy in literature (Figure 4.6). Surface energy is measured in 
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units of Joules per unit area J/m
2
, which is dimensionally equivalent to surface tension 
measured in Newton per metre N/m. In dealing with liquids, it is more usual to use the term 
of surface tension than surface energy which is a more general term for solids. Surface 
tension is also often used as surface free energy [134]. 
 
 
 
 
 
 
 
 
Figure 4.7: Liquid droplet on a flat surface showing the quantities in Young’s equation. 
When θ is 0°, the water droplet spreads completely on the solid surface, and it is called 
complete wetting of the surface. When θ is 180°, the water droplet stands as a sphere on the 
surface, and it is called non-wetting on the surface. In between 0° and 65°, it is called a 
hydrophilic surface and in between 90° to 180°, it is called a hydrophobic surface. 
The contact angle measurements were performed on a Digidrop Contact angle measurement 
system from GBX Scientific Instruments by Cristal Global Ltd (Grimsby, UK). Five 
microlitre drops of demineralised water were placed onto the horizontal test surface. The 
instrument was equipped with a camera, where the images of water droplet were taken in 
order to measure the contact angle. The contact angle was determined using WinDrop++ 
software, d254 version 1.0 (GBX, Romans sur Isr, France). The contact angle was measured 
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conventionally (as shown in Figure 4.7), where a liquid/vapour interfaces meets a solid 
surface. Contact angle measurements were conducted on surfaces as received (after 
deposition and heat treatment), after the brewery trial (TiO2 and TiO2-Mo), and after wiping 
with 2- propanol and rinsing with water (one coupon per treatment). Measurements were 
conducted after exposure to light for 18 hours, either in a SUNTEST CPS+ (filtered xenon 
arc, 1500 W) or UVA light (Philips black light, 10-12 W/m
2
), and after storage in the dark for 
at least 6 days. Measurements were carried out on 2 drops, and the results averaged. 
 
4.2.9 Assessing photocatalytic activity 
 
The photocatalytic activity of the coatings was determined via the degradation of an organic 
dye, methylene blue (MB) (Alfa Aesar, UK). MB is a heterocyclic aromatic dye with a 
molecular formula of C16H18ClN3S, and is often used as a model organic compound to 
measure photoreactivity  [135, 136]. ISO standard 10678 confirms the use of MB as a model 
organic dye for the determination of photocatalytic activity of thin films in an aqueous 
medium. The decomposition of MB was assessed using an initial concentration of 1.5 µMol 
L
-1
. The coated samples were immersed horizontally into 20 ml of conditioning solution of 
MB for 30 minutes in dark conditions until adsorption/desorption equilibrium was reached. 
The coated substrate was then placed into 10 mL of MB solution (glass beaker, Fisher, UK) 
which was irradiated with 2×15 W UV lamps (black Ray Cambridge UK, 4 mW/cm
2 
at 10 
cm distance) with an emission peak at 352 nm wavelength for 5 hours. The coated samples 
were also tested under fluorescent light via a similar set up experiments with 2×15 W Ushio 
fluorescent lamp (6.4 mW/cm
2 
at 10 cm distance). 
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The beaker was covered with cling film (PVC) to avoid evaporation of the solution which can 
affect the concentration and peak absorbance of the MB solution. The light absorbed by cling 
film was measured using an Ocean Optics USB 2000+ spectrophotometer. The cling film 
absorbed irradiation below 200 nm, which was outside the range of interest [137]. Optical 
absorbance measurements of the MB solutions were taken every hour by UV-VIS 
spectrophotometer. The degradation of MB without contact with a photocatalyst surface in 
the absence and presence of UV and fluorescent light sources was measured in order to 
calculate the photocatalytic activity (Figure 4.8). The photocatalytic activity was measured in 
arbitrary units.   
The overall photo-decomposition reaction of MB can be summarized as follows: 
C16 H18 ClN3S + 25.5 O2     TiO2 +hv ≥ 3.2 eV      16 CO2 + 3HNO3 + H2SO4 + HCl + 6H2 O  (4.4)    
However, it should also be recognized that when using a dye test system for assessing 
semiconductor photocatalysis (SPC) activity, that photo-bleaching of the dye can also occur 
via a dye photosensitised process in which the electronically excited state of the dye, D
*
, 
injects an electron into the conduction band of the semiconductor (SC) to produce an oxidised 
dye radical ion, D
*+ 
(equation 4.5), that is unstable and able to decompose to form bleached 
products [138, 139].  
                               D
*
+ SC                D
*+
 + SC (e
-
)                                               (4.5)      
The injected electron can also promote this process via its subsequent reaction with O2 to 
produce a number of different oxidising species, such as hydrogen peroxide. It is usually 
possible to discriminate between dye bleaching caused by photocatalysis or 
photosensitisation of the dye via the careful selection of the  excitation wavelength [139].  
Preferably, the wavelength of excitation should be chosen such that the semiconductor alone 
is able to absorb the light. MB has a minimum in its UV absorption spectrum around the 
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wavelength of UV light usually used (365 nm). Even though, this choice of light source 
minimises the risk that the observed photobleaching is due to photocatalytic reaction, it does 
not eliminate it and the component of the photobleaching rate will increase with decreasing 
the pH of MB solution. Thus, it is important to control the pH of the MB solution. In order to 
confirm that MB discoloration is caused by photocatalytic degradation of MB, rather than 
colourless leuco-methylene blue (LMB) formation (equation 4.6). 
                                       2e- + H+ + MB+                     LMB                         (4.6) 
LMB (C16H19N3S) is a colourless and formed by reduction of MB
+
. LMB is known to be 
oxidised very rapidly at pH < 4 [140]. The pH measurements of MB solution in contact with 
TiO2 - Mo 7 at.%, were carried out using a calibrated pH meter in the dark, and under UV, 
and fluorescent light for 5 hours. The results obtained from pH measurement showed that the 
pH did not change (pH ~ 6), and therefore formation of LMB due to acidity of the solution 
was unlikely (Figure 4.9). 
Aqueous MB absorbs light most strongly at about 660 nm with a molar absorptivity of 10
5
 
dm
3 
mol
-1
 cm
-1
. The absorbance at 660 nm versus UV or fluorescent irradiation time 
generated in a study of the photocatalytic decomposition of MB can be translated into a graph 
of peak height absorbance against irradiation time, which has an exponential form [141]. MB 
concentrations were calculated using the measured absorbance peak at 665 nm (equation 4.8).    
A graph of absorbance at 665 nm against irradiation time was generated (Figure 4.8). An 
index of photocatalytic activity (Pa) was defined by comparing the degradation rate of the 
MB solution in contact with the coated surfaces to the rate for an irradiated MB solution with 
no coating present. The equation below was used to calculate the photocatalytic activity (Pa) 
of each of the films. 
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Pa = 1 – (C0e
-mx 
/ C0e
-cx
)                                                                    (4.7)                  
 Where:  
C0 = peak height at time = 0 (ie. Initial concentration) 
C0e
-mx 
= decay rate of methylene blue with no sample present 
C0e
-cx 
= decay rate of methylene blue in contact with a photocatalytic coating 
Two parameters were defined: PaUV for UV radiation and PaFL for fluorescent light radiation. 
 
 
 
Figure 4.8: Absorbance at 665 nm versus irradiation time showing MB degradation in 
absence of photocatalytic surface. 
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Figure 4.9: pH measurement of MB solution in dark, UV and, fluorescent light irradiation in 
contact with TiO2-Mo 7 at.% after 5 hours. 
The reproducibility of photocatalytic activity between batches was determined by statistical 
analysis (standard deviation, standard errors) which is presented in Appendix A. 
4.2.10 Spectral analysis of light source (UV/Vis) 
 
Two black light blue lamps (black Ray Cambridge, UK) with a peak emission at 352 nm and 
a power output of 15 W were used as a light source for UVA photocatalysis experiments (4 
mW/cm
2 
at 10 cm distance) and two fluorescent tubes with power output of 6.4 mW/cm
2
 
were used as a fluorescent light source (10 cm distance) (Figure 4.10). The UV component of 
the fluorescent light was measured as 0.5 mW/cm
-2
. The Ocean Optic USB 2000+ 
spectrophotometer was used to measure the light intensity. 
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Figure 4.10: Power output spectra of fluorescent and UV light sources used during the 
photocatalytic testing which were obtained from an Ocean Optic USB 2000+ 
spectrophotometer, demonstrating part of the fluorescent tubes spectrum is in UV range. 
 
4.2.11 Mechanical properties   
 
Laboratory mechanical tests were done by scratching the coating surfaces using a finger nail, 
pencils with hardness of 2B and HB, a steel scalpel and a diamond tip. Pencil tests were 
carried out according to ASTM standard ASTM D3363 (Standard test method for film 
hardness by pencil test) [142]. Tape test were based on standard ASTM D3359 (Standard test 
methods for measuring adhesion by tape test) [143]. Scotch 3M invisible tape was used to 
carry out the test. Tests were carried out by Teer Coatings Ltd (Droitwitch,UK). 
The scratch test is one of most widely used, fast, and effective methods to obtain the critical 
loads that are related to the adhesion properties of the coating to the substrate. The scratch 
adhesion test is performed by applying either a progressive (linearly increasing ) or constant 
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load to the coated sample through an indenter [144, 145]. Scratch adhesion tests were carried 
out by Teer Coatings Ltd (Droitwitch,UK), with a Rockwell C- diamond tip (200 µm 
diameter) indenter with a load linearly increasing from 10 N to 40 N over 10 mm distance at 
a load rate of 10 N min
-1
 and speed of 1 mm min
-1 
[146].  Two samples of each coating were 
tested. The indenter is moved over a specimen surface, with a linearly increasing load, until 
failure. Cracking and delamination of coatings occurs at critical loads (Lc) defined by the 
mode of failure (Figure 4.11). The normal force (Fz) and the tangential force (Fx) are 
recorded. The failure events are examined by an optical microscope. Acoustic emission (AE) 
monitoring is also used during the test to detect cracking. Critical load is a function of the 
coating-substrate adhesion, stylus-tip radius, loading rate, mechanical properties of the 
substrate and coating, coating thickness, internal stress in the coating, flaw size distribution at 
substrate-coating interface, and friction between stylus-tip and the coating [147]. The data 
recorded from the load cells can then be used to plot a graph and thus determine the 
coefficient of friction of the coating and the point at which the coating fails.  
 
Figure 4.11: Schematic diagram of the progressive load scratch test. 
Progressive load tests are suitable for rapid assessment and quality assurance of coatings, 
hence are more popular than constant load tests for research and development work on 
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coating processes. At sufficient stress levels, cracks initiate preferentially at defect sites in the 
coating and /or coating-substrate interface. Propagation of such cracks leads to coating 
failure. Adhesive failure happens due to compressive stress; the coating separates from the 
substrate either by cracking and lifting (buckling) or by full separation (spallation; chipping). 
The practical scratch adhesion value of a coating is defined as the lowest critical point at 
which the coating fails. It is an important parameter related to coating-substrate cohesion that 
can be used for comparative evaluation of coatings.  
In a typical scratch test, eight failure types can be observed [147] and these are illustrated and 
explained in Figure 4.12.  
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a) Brittle tensile cracking: nested micro cracks; open 
to the direction of scratch; straight and semi-circular; 
formed behind a stylus (cohesive failure). 
 
 
 
b) Hertz cracking : series of nested micro cracks 
within the scrach groove (cohesive failure). 
 
 
c) Conformal cracking: micro-cracks form while 
coating tries to conform to the groove ; open away 
from a direction of scratch (cohesive failure). 
 
 
d) Chipping: round regions of coating removal 
extending laterally from the edges of the scratch 
groove (cohesive failure). 
 
 
e) Buckling: coatings buckle ahead of the stylus tip; 
irregularly wide arc-shaped patches missing; opening 
away from scratch direction (adhesive failure). 
 
 
f) Wedging: caused by delaminated region wedging 
ahead to separate a coating; regularly spaced annular-
circular that extends beyond the edge of the groove 
(adhesive failure). 
 
 
g) Recovery: regions of detached coating along one or 
both sides of the groove; produced by elastic recovery 
behind a stylus and plastic deformation in the substrate 
(adhesive failure).  
 
 
h) Gross spallation: large detached regions; common 
in coating with low adhesion strength (adhesive 
failure). 
 
 
Figure 4.12: Coating failure modes observed during progressive load scratch testing. 
4.2.12 Chemical durability  
  
These coatings will be cleaned using a range of chemical solutions after placement at the test 
locations in the brewery. Assessment of their chemical durability in basic, acidic and alcohol 
solutions is important, as most cleaning solutions will contain at least one of these 
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components [148]. Thus 0.02 M NaOH, 0.02 M HCl, 70% ethanol and distilled water were 
used to carry out the test [148]. Coated samples were placed into solution for two hours at 
room temperature, and removed and rinsed with sterilised distilled water and air dried under a 
hood. The surface roughness and coating thickness were measured before and after exposure 
to chemicals by WLI (white light interferometry) (see section 4.2.6). The photocatalytic 
activity was measured by methylene blue degradation (see section 4.2.9) after exposure to 
0.02 M NaOH, 0.02 M HCl, 70% ethanol and distilled water.  
 
4.2.13 In situ study   
  
The samples (TiO2 and TiO2 -Mo4 7 at.%, two replicates from each coating) were installed in 
bottle filling and canning machine lines in three different Finnish breweries; A, B, and C. for 
the breweries B and C the product was beer and Brewery A was soft drinks and water. Filler 
surfaces were cleaned with saBesto spray (25-50% petroleum, 20-30% isopropanol, Würth, 
Riihimäki, Finland) and the samples were fixed with HV350 glue (Valco, Cincinnati, OH) 
(Figure 7.1). There was no special provision of lighting for the photocatalytic coatings; the 
process test took place under the usual brewery conditions of lighting, with coupons receiving 
varying amounts of light depending on their position in each machine. Two replicates of each 
sample were removed from the process after 3, 10 and 12 months and were sent for material 
characterisation by post to different partners for scratch adhesion test, photocatalytic activity 
measurements and contact angle measurements. Some of the samples were damaged during 
removal and packaging, which is likely to affect the mechanical durability and photocatalytic 
activity results. 
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The mechanical durability, chemical durability and photocatalytic activity were evaluated 
before and after being exposed to process conditions for 3, 10 and 12 months. The contact 
angle measurement was performed after three months.  
 
4.3 Antimicrobial testing procedures 
4.3.1 Culture maintenance and preparation  
 
Escherichia coli ATCC 8739 was obtained from the American Type Culture Collection 
(Manasas, VA, USA). To check purity (from frozen stock), a loop of culture was streaked 
onto Tryptone soya agar (TSA) plate and incubated at 37 °C for 24 h. Stock plate cultures 
were stored at 4
 °C for up to one month.   
 
4.3.2 Bacterial inactivation using fluorescent irradiation 
 
Measurements of the antimicrobial activity of the photocatalytic surfaces were performed 
using ISO 27447 as guidance (with minor modifications, such as using neutralizing solution 
and centrifuging cell suspensions) [149]. ISO 27447 confirmed the use of E. coli ATCC 8739 
as a model microorganism. A loop of E. coli colonies from a plate was used to inoculate 10 
mL of nutrient broth (NB) which was incubated aerobically for 18 h at 160 rpm in a shaker at 
37 °C. Resultant suspensions were centrifuged at 3000 rpm for 10 minutes and cells were 
washed in Ringers solution (Oxoid, UK) prior to re-centrifugation. The density of the bacteria 
cells in liquid cultures was monitored by taking optical density (OD) readings at 540 nm 
(Jenway 6305 spectrometer, Essex, UK). An OD was selected in the range of 0.08 which 
corresponded to an initial concentration of bacteria of 1.0 ± 0.2 × 10
7
 cfu mL
-1
.   
Fifty microlitre aliquots of standardised cell suspension were inoculated onto the surface of 
the test substrate in a Petri dish (90 mm diameter × 12 mm height). In order to spread out the 
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liquid evenly without spilling over, polyethylene film (10 mm × 20 mm) (Scientific 
Laboratory Supplies, Nottingham, UK) was gently pressed onto the drop by sterilized 
tweezers. PE film was sterilized by 70% ethanol. The lid was placed on the petri dish. Four 
round Petri dishes plus contents were placed in one large square Petri dish (24.5 cm × 24.5 
cm × 2.5 cm) which contained sterilized moistened tissues, to provide a humid environment 
that will prevent cultures drying out during light exposure. Aluminium foil was used to cover 
the dish for dark controls. The light absorbed by the Petri dish lids was measured by Lambda 
40 spectrophotometer (Perkin/Elmer, USA). The Petri dish lid absorbed irradiation below 300 
nm, which was outside the range of interest. The Polyethylene film (PE) absorbed light below 
200 nm. Thus neither lid nor film would interfere with the photocatalytic effect under 
investigation. 
The efficacy of photocatalytic inactivation (pure titania and doped titania coatings) was 
examined at four irradiation times (0, 12, 24, and 48 h). At each time (0, 12, 24, and 48 h) 
surfaces were removed and vortexed for 1 minute in 10 mL of neutralizing solution (20 g L
-1 
Soya Lethicin (Holland and Barrett, UK) and 30 g L
-1 
Tween 80 (Sigma Aldrich, UK) to 
remove attached bacteria. This neutralizing medium is considered suitable for protecting cells 
and maintains viability during the recovery of the cells from a coated surface [150]. This 10 
ml of neutralisation solution was then diluted 1:10 in 0.9% NaCl (Fisher Scientific, UK). The 
viable population associated with these samples was calculated by plating serial dilutions in 
triplicate (to 10 
- 7
) onto nutrient tryptone soya agar (TSA) (100 µL), and incubating at 37 °C 
for 24 h. At the end of the incubation period colonies on the agar plates were counted and the 
number of colony forming units (cfu) per mL was calculated.  Counts were used from one 
dilution where agar plates showed 15 – 300 colonies [151]. 
In order to assess the effect of dopant metal/metal oxide on bacteria inactivation, coatings of 
W, WO3, Mo, MoO3, Nb and Nb2O5 were also produced. The antimicrobial activity of 
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transition metals and their oxides were tested using the above method but at six irradiation 
times (0, 6, 8, 12, 24 and 48 h). Two controls were included in each experiment; a dark 
control (Petri dishes covered in aluminium foil) and a light control. Three replicates were 
used for each treatment. Each experiment was repeated three times.   
  
4.3.3 Light source 
 
For the antimicrobial assays, an illuminated cooled incubator (Gallenkamp, Loughborough, 
UK) with six fluorescent lamps 6×8 W (Sylvania, Ontario, Canada) was used. The 
temperature was set at 20 °C; the lamps were used as a light source for fluorescent light 
irradiation of the samples (wavelength range of 300 - 700 nm). The fluorescent lamps were 
positioned at a distance of 15 cm from the coated surfaces inoculated with the bacteria. 
Lamps placed on both sides of the cabinet ensured a uniform light energy. A USB4000 
Miniature Fiber Optic Spectrometer (Dunedin, USA) was used to determine the UV/Vis 
power at the sample distance. Samples were exposed to a portion of UV (290–400 nm) at 
0.12 mW/cm
2
 intensity, and visible light source (400 –7 00 nm), with intensity of 4 mW/cm2. 
The light source was selected according to ISO 27447.                           
 
4.3.4 Innate antimicrobial properties of dopants 
 
In order to assess an innate antimicrobial activity of dopants several tests were performed, 
metabolic activity, minimum inhibitory concentration and zone of inhibition. 
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4.3.4.1 Metabolic activity  
 
The metabolic activity assay using Nitrotetrazolium Blue Chloride  (NBT) (Fluka, Sigma-
Aldrich, Poland,  1.0 gl
-1
) is an alternative method for the detection of residual viable cells on 
the surface, and as an indication of viability [152]. E. coli were inoculated in 10 mL of 
nutrient broth (Oxoid, UK) and incubated for 16-18 hours at 37 °C with shaking at 160 rpm. 
The cells were centrifuged at 3000 rev min
-1
 (vortex Sigma 204, Sigma Laborcentrifugen, 
Germany) for 10 minutes and re-suspended in 100 mL sterilized quarter strength ringer 
solution, to minimise carryover of nutrient. 
Ten microlitre drops of this suspension were inoculated onto 1x2 cm coated coupons (TiO2- 
Mo (7 at.%), TiO2-W (3.8 at.% and 10 at.%) and TiO2-Nb (0.25 at.%) in a Petri dish. After 2 
hours, when the inoculum had dried, molten TSA (at 45 °C) was poured over the inoculated 
surfaces to a depth of approximately 3 mm. The plates were incubated over night at 37 °C. 
Then approximately 2 mL of the respiratory NBT dye (Fluka, Sigma-Aldrich, Poland, and 1.0 
gl
-1
) was pipetted onto the agar plates, which was incubated for a minimum of 6 hours at 
room temperature to allow improved visibility of colonies beneath the agar. If bacteria are 
viable on the surface they will have grown to produce colonies. NBT stains the colonies blue 
and makes them easier to see. 
 
4.3.4.2 Minimum inhibitory concentration (MIC)  
 
The antimicrobial effectiveness of an agent is often described in terms of its MIC, the lowest 
concentration capable of inhibiting the growth of challenging organism.  
Minimum inhibitory concentrations (MICs) of Mo, Nb and W ions (dissolved) were 
determined by an agar incorporation method. Stock solutions (1000 mg/L in 10% 
hydrochloric acid) of Mo, Nb and W standard solutions for AAS (Fluka Analytical, Sigma-
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Aldrich) were serially diluted in sterilized distilled water to cover concentrations ranging 
from 0.5 - 5 mg/L for Mo, 5 - 25 mg/L for Nb and 0.5 - 7 mg/L for W. Since stock solutions 
of Mo, Nb and W also contained 10% hydrochloric acid, 2% nitric acid and 5% nitric acid 
respectively, serial dilutions were also performed as above using the acids alone to ensure 
that inhibition was due to the metal and not the acid. The same single concentration for both 
acids, HCl and HNO3 was used. 2 mL of each concentration were added to 18 mL of molten 
isosensitest agar (ISA - Oxoid) to give a further 1:10 dilution. Agar was poured into petri 
dishes and left to dry before a volume 0.5 McFarland standard suspension of E. coli was 
spread onto the surface. Plates were incubated for 18 - 24 hours at 37 °C. The test was 
performed three times and for each experiment three replicates were used. Results agreeing 
on two or more occasions were adopted as the MIC of E. coli. The MIC was determined to be 
the highest concentration at which no growth was evident. 
 
4.3.4.3 Zone of inhibition 
 
Zone of inhibition measurements were used to determine if any antimicrobial ions leached 
from the coatings. 20 mL of TSA was poured in Petri dishes and 100μL of cell suspension 
was evenly spread over the surface with a glass spreader and left to dry for 5 minutes. The 
substrata (stainless steel and coatings: TiO2-Mo 7 at.%, TiO2-Nb 0.25 at.%, TiO2-W 3.8 at.% 
TiO2-W 10 at.%, Mo, MoO3, W, WO3, Nb, and Nb2O5) were placed with the coated side 
facing down in direct contact with the cells on the agar plates. Two duplicates were made and 
plates were incubated overnight at 37 °C. The experiment was repeated once. Only the zone 
of inhibition around the coupons was recorded not the absence or presence of growth beneath 
the coupon.  
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4.3.5 Investigation of pre-soiled surfaces  
4.3.5.1 Re-using the surface 
 
It is vital to know whether the photocatalytic surfaces can be reused or not, as the coating is 
used in situ over a period of time in which repeated soiling and cleaning will occur. In order 
to assess the effect of re-using the surface on photocatalytic function, newly prepared TiO2 - 
Mo 7 at.% surfaces, and old surfaces which were used and stored in a beaker in the dark for 
one year, were cleaned by sonication for 2 minutes with either acetone/methanol/ethanol 
(AME) or 4 v/v% oxofoam (Johnson Diversey Oxofoam, Northampton, UK). Oxofoam 
solution contains a balanced blend of caustic alkali, surface active agents, sequestrant and 
hydrochlorite. Surfaces were sonicated for a further 2 minutes in distilled water to remove 
any residue chemicals and left to dry in a sterile class 2 cabinet. Bacteria were applied 
following cleaning, were irradiated and enumerated as above (section 4.3.2). Tests were 
performed using E. coli.  
4.3.5.2 Effect of beer soil on antimicrobial activity of TiO2 - Mo 7 at.% 
 
Since the ‘old’ coupons described in section 4.3.5.1 above were heavily soiled in a manner 
unlikely to be encountered in situ, antimicrobial tests were performed on TiO2 - Mo 7 at.% 
coatings immediately after annealing (but at room temperature) and on coatings which had 
been soiled with either undiluted beer or diluted beer (10% vol). Beer used to simulate soiling 
was a pasteurised, commercial product (Carlsberg, water, alcohol, protein, carbohydrates, 
vitamins and minerals). 20 µl of undiluted or diluted beer was dried onto the surfaces prior to 
the application of the bacterial suspension and the effect of soiling on microbial numbers was 
examined over an irradiation period of up to 48 hours. 
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4.3.5.3 Detection of residual material (bacteria and soil) 
 
A stock solution of 3 % acridine orange (St Louis, Sigma, USA) was made up in 2 % vol 
glacial acetic acid (BDH, Poole, England) and stored at 4 °C, wrapped in foil until use. For 
staining purposes, the stock solution was diluted to 3% in 2% glacial acetic acid. The acridine 
orange staining was carried out after cleaning the surface with the three different cleaning 
solutions (Section 4.3.7), to assess whether any material was retained on the surface. Three 
surfaces from each cleaning solution were stained. Substrata were stained for 2 min with 3% 
acridine orange and rinsed. Substrata with retained cells and residual material were air dried 
in a laminar flow hood, in darkness to avoid leaching of the acridine orange.    
Epifluorescence microscopy was used to determine the retention of bacteria and soil on the 
surface after cleaning using a Nikon Eclipse E600 (Nikon, Kingston Upon Thames, Surrey, 
UK). The microscope was mounted with a Hitachi HV-D37P colour camera (Nikon, 
Kingston Upon Thames, Surrey, UK) and  a Lucia Image analysis package was used  
(Nikon,Kingston Upon Thames, Surrey, UK) to view any retained microorganisms and soil, 
to give a qualitative indication of cleaning.  
4.3.6 Statistics  
 
A two-tailed homoscedastic Student t-test was performed using Microsoft Excel 2010 to 
compare data sets. If the p value was <0.05, then results were statistically significant. 
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Chapter 5: Enhancing Photocatalytic Activity of TiO2 coatings via Doping 
with Different Transition Metal 
 
5.1 Introduction 
As discussed earlier (chapter 2), the problems associated with the use of TiO2 as a 
photocatalyst could be addressed by incorporation of transition metal and non-metal dopant 
elements into the titania lattice. Different methods and techniques have been used to deposit 
doped TiO2 thin films, so there are various investigation in the literature focused on the 
determination of optimum dopant concentrations and the choice of dopant [153]. It is 
believed that doping TiO2 with transition metal ions with valences higher than +4 leads to an 
upward shift of the Fermi level which reduces the possibility of electron-hole recombination, 
resulting in more efficient separation and stronger photocatalytic reaction. In addition use of 
doping ions with an ionic radius close to that of titanium was suggested, as ions with larger 
ionic radii will not incorporate into the titania lattice and would form a separate phase [74, 
154, 155]. Therefore, molybdenum (Mo), niobium (Nb), tantalum (Ta) and tungsten (W) 
were chosen as doping ions because of their higher valence and similar ionic radius to 
titanium.    
This chapter describes the results obtained from doping TiO2 with various transition metals 
deposited onto the stainless steel substrates by closed field unbalanced magnetron sputtering.  
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5.2 Results 
 
The coatings were produced by unbalanced reactive magnetron sputtering (Section 4.1) in 
two modes; direct current (DC) and pulsed DC modes using Advanced Energy MDX
TM
 and 
dual channel Advanced Energy Pinnacle
TM
 Plus power supplies. In order to develop the 
crystal structure samples of each coating were annealed in air for 30 minutes at two different 
temperatures: 400 °C and 600 °C. In order to assess the thin film crystal structure, X-ray 
diffraction (XRD), Raman spectroscopy, and energy dispersive X-ray (EDX) spectroscopy 
were employed (Chapter 4). Raman spectroscopy has a penetration depth of a few hundred 
nanometres, while XRD has a penetration depth of several microns. In this study, coating 
thicknesses were in the range 800 nm to 1.2 µm; therefore they had enough thickness to be 
studied by both Raman spectroscopy and XRD. 
UV/Vis spectrophotometer was used to measure photocatalytic activity by methylene blue 
degradation.  TiO2 was doped with four different transition metals Mo, Nb, Ta and W. Tables 
5.1-5.4 provide a summary of compositional properties, roughness of titania and doped titania 
coatings and parameters used for deposition. The same ranges of powers were applied to the 
four dopant targets (100 W – 240 W), but due to different sputtering rate of the materials, this 
resulted in very different dopant contents. Only selected results are presented here, based on 
coatings which showed some level of photocatalytic activity. Coatings with no activity have 
not been included.  These tables will be referenced again later in this Results section.  
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Table 5.1: TiO2-Mo films deposited on stainless steel 304-2B, with different operating 
parameters (power and annealing temperature) demonstrating Mo content and roughness (Ra) 
of coatings. 
Sample type DC Power 
to Mo target 
(W) 
At.% Mo  Annealing 
temperature (°C) 
Roughness (Ra, 
nm) 
Stainless steel 
304 2B 
   280 
TiO2 -   -  As deposited  290 
TiO2 -  -  400  300 
TiO2 -  -  600 305 
TiO2-
Mo1(50% 
duty cycle) 
100 1.5 400 310 
TiO2-
Mo1(50% 
duty cycle) 
100 1.5 600 315 
TiO2-Mo2 100 2.7 400 311 
TiO2-Mo2 100 2.7 600 318 
TiO2-Mo3 150 5.5 400 315 
TiO2-Mo3 150 5.5 600 327 
TiO2-Mo4 180 7 400 325 
TiO2-Mo4 180 7 600 332 
TiO2-Mo5 240 11.8 400 325 
TiO2-Mo5 240 11.8 600 335 
 
Table 5.1 shows the parameters used for Mo-doped titania and pure titania coating. The 
majority of coatings were deposited in DC mode, however 50% duty cycle and 100 kHz on 
Mo target was used for sample TiO2-Mo1, in order to obtain the lower amount of Mo in the 
coating. As-deposited coatings had lower roughness value in comparison to annealed 
samples. Doping of titania with molybdenum generally resulted in a slight increase in surface 
roughness in comparison to undoped titania coating. No remarkable changes in surface 
roughness value of the coatings can be seen with varying annealing temperature.  
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Table 5.2: TiO2-Nb films deposited on stainless steel 304-2B, with different operating 
parameters (power and annealing temperature) demonstrating Nb content and roughness (Ra) 
of coatings. 
Sample type Power to 
Nb target 
(W) 
At.% 
Nb  
Annealing 
temperature (°C) 
Roughness (Ra, 
nm) 
Stainless steel 
304 2B 
   280 
TiO2-Nb1  100 0.25 400 303 
TiO2-Nb1  100 0.25 600 310 
TiO2-Nb2  150 0.5 400 308 
TiO2-Nb2  150 0.5 600 315 
TiO2-Nb3  200 1.4 400 310 
TiO2-Nb3  200 1.4 600 318 
TiO2-Nb4 100 0.75 400 305 
TiO2-Nb4 100 0.75 600 311 
TiO2-Nb5 150 2.1 400 309 
TiO2-Nb5 150 2.1 600 315 
TiO2-Nb6 200 2.85 400 312 
TiO2-Nb6 200 2.85 600 318 
 
The initial experimental conditions where the dopant target was deposited in DC mode (100-
200 W) had produced relatively low photocatalytic activity (TiO2-Nb4 - TiO2-Nb6) which 
will be discussed in more details later on. Thus, a series of Nb doped titania coatings were 
deposited (TiO2-Nb1 - TiO2-Nb3) in pulsed DC mode at 100 kHz and 84% duty cycle in 
order to obtain lower Nb content in coatings (84% duty cycle was applied on Nb target) 
(Table 5.2). Pulsed DC mode would decrease the deposition rate, in comparison to DC mode. 
This can be explained in terms of the driving voltage waveform at the target (Chapter 3). 
Lower Nb dopant levels was chosen, as the optimum content of Nb in the coating is reported 
in the range of 0.1 at.% to 1 at.% [155]. However, these numbers are only estimated as 
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guidline, as the optimum level of dopant in the coatings depends on many factors, specifically 
on the deposition technique used. Doping with niobium did not significantly affect the value 
of surface roughness. Dopant content would be expected to be proportional to dopant target 
power. However, as can be observed from the table, the relationship between the target power 
and dopant content is not linear. Since the deposition rate for Nb is relatively low (based on 
composition data), this might be due to sputtered titanium cross contaminating the Nb target 
at lower power, so there would be less Nb in the coating. 
Table 5.3: TiO2-Ta films deposited on stainless steel 304-2B, with different operating 
parameters (power and annealing temperature) demonstrating Ta content and roughness (Ra) 
of coatings. 
Sample type Power to Ta 
target (W) 
At.% Ta Annealing 
temperature (°C) 
Roughness (Ra 
,nm) 
Stainless steel 
304 2B 
   280 
TiO2-Ta1 (50% 
duty cycle, 350 
kHz) 
100 0.76 400 324 
TiO2-Ta1 (50% 
duty cycle, 350 
kHz) 
100 0.76 600 330 
TiO2-Ta2 (50% 
duty cycle, 225 
kHz) 
100 1.1 400 328 
TiO2-Ta2 (50% 
duty cycle, 225 
kHz) 
100 1.1 600 337 
TiO2-Ta3 100 3.4 400 340 
TiO2-Ta3 100 3.4 600 350 
TiO2-Ta4 150 9.2 400 341 
TiO2-Ta4 150 9.2 600 348 
TiO2-Ta5 200 13.8 400 342 
TiO2-Ta5 200 13.8 600 355 
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For samples TiO2-Ta1 and TiO2-Ta2, pulsed DC mode at 350 kHz and 225 kHz and 50% 
duty cycle was also used to obtain lower content of Ta in the coatings (50% duty cycle was 
applied on Ta target) (Table 5.3). For Ta doped coatings suggested optimum dopant level is 
in the range of between 0.6 at.% to 1.6 at.% [156]. Higher surface roughness was achieved by 
increasing the Ta content in the coatings. 
Table 5.4: TiO2-W films deposited on stainless steel 304-2B, with different operating 
parameters (power and annealing temperature) demonstrating W content and roughness of 
coatings. 
Sample type DC Power to W 
target (W) 
At.% W Annealing 
temperature (°C) 
Roughness (Ra 
,nm) 
Stainless steel 
304 2B 
   280 
TiO2-W1 60 3.8 400 333 
TiO2-W1 60 3.8 600 340 
TiO2-W2 70 4.6 400 338 
TiO2-W2 70 4.6 600 345 
TiO2-W3 80 5.8 400 339 
TiO2-W3 80 5.8 600 347 
TiO2-W4 90 7 400 341 
TiO2-W4 90 7 600 350 
TiO2-W5 100 10 400 342 
TiO2-W5 100 10 600 351 
TiO2-W6 150 13.4 400 348 
TiO2-W6 150 13.4 600 357 
TiO2-W7 200 15.2 400 355 
TiO2-W7 200 15.2 600 360 
 
The results from first set of coatings (100-200 W) had produced relatively high level of 
tungsten in the coatings (10-15.2 at.%) and low photocatalytic activity. Therefore, a second 
series of W-doped coatings were produced where the power to dopant target was varied over 
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a lower range values (60-90 W), in order to obtain a lower W concentration in the coatings, 
with a view to optimising the photocatalytic activity level. Doping of titania with W resulted 
in an increase in surface roughness, however no substantial change was observed by 
increasing the annealing temperature.  
 
5.3 Raman spectroscopy results 
 
Anatase TiO2 has five Raman active fundamentals in the vibrational spectrum at 144, 197, 
639, 399 and 519 cm
-1
.The rutile structure has three Raman shifts at 273, 447 and 612 cm
-1 
[157, 158]. Typically, as the crystal size of TiO2 nano-materials decreases, the characteristic 
Raman scattering peaks become broader. The crystal size effect on the Raman scattering in 
nano-crystalline TiO2 is interpreted as originating from phonon confinement, non-
stoichiometry, internal stress or surface effects [115].  
By increasing the annealing temperature, the crystallinity of TiO2 changed from an 
amorphous to crystalline anatase form as shown in the Raman spectra (Figure 5.1). The 
broader features assumed to be from amorphous regions have disappeared. 
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Figure 5.1: Raman spectra of TiO2 coatings with different annealing temperatures of 400 °C, 
and 600 °C showing the crystal structure of the coatings (anatase and amorphous). 
The Raman spectra for Mo-doped samples are presented in Figures 5.2 and 5.3; they showed  
anatase, mixed phase anatase/rutile and amorphous structures. After annealing at 400 °C TiO2 
- Mo1, Mo2 and Mo3 had anatase crystal structure (Figure 5.2). Further increase in Mo 
content resulted in the disappearance of the anatase peaks and the structure changed into 
amorphous for the TiO2-Mo4 and TiO2-Mo5 samples.  
As can be seen in Figure 5.3, the coatings annealed at 600 °C demonstrated anatase and 
mixed  anatase/rutile phase. As the annealing temperature increased from 400 °C to 600 °C 
for the TiO2 -Mo4 sample, the crystal structure changed from amorphous to mixed phase 
anatase/rutile. As, at higher annealing temperatures, anatase crystal structure formation and 
improvement of crystal growth rate occurs. An increase in Mo content also resulted in 
anatase phase suppression. The Raman spectra of TiO2-Mo coatings contains a peak at 972 
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cm
-1 
which is the marker band for Mo=O bond stretching in coatings [115], which can be 
attributed to some molybdenum oxide in the structure of the coating.  
 
Figure 5.2: Raman spectra of TiO2-Mo coatings post-deposition annealed at 400 °C showing 
the crystal structure of coatings (anatase and amorphous).  
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Figure 5.3: Raman spectra of TiO2-Mo post-deposition annealed at 600 °C showing the 
crystal structure of coatings (anatase and rutile). 
 
Doping of TiO2 with Nb and post-deposition annealing at 400 °C and 600 °C (Figures 5.4, 
5.5) was investigated. All of the samples showed anatase structure. Increasing annealing 
temperature and Nb content did not cause any significant difference in the crystal structure of 
TiO2-Nb coatings, which imply the substitutional incorporation of Nb into TiO2 lattice during 
deposition. However, differences in the relative intensity of the main peaks can be observed 
in the crystal structure as the dopant levels increased, which indicates the mixture of 
polycrystalline structures and small grain size.  
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Figure 5.4: Raman spectra of TiO2-Nb coatings post-deposition annealed at 400 °C showing 
the crystal structure of coatings (anatase). 
 
 
Figure 5.5: Raman spectra of TiO2-Nb coatings post-deposition annealed at 600 °C showing 
the crystal structure of coatings (anatase). 
 
0
1
2
3
4
5
6
7
8
9
10
0 200 400 600 800 1000 1200
C
o
u
n
ts
 ×
 1
0
4
 
Raman shift, cm-1 
TiO₂-Nb6 
TiO₂-Nb5 
TiO₂-Nb4 
TiO₂-Nb3 
TiO₂-Nb2 
TiO₂-Nb1 
A-anatase  
0
2
4
6
8
10
12
0 200 400 600 800 1000 1200
C
o
u
n
ts
 ×
 1
0
4
 
Raman shift, cm-1 
TiO₂-Nb6 
TiO₂-Nb5 
TiO₂-Nb4 
TiO₂-Nb3 
TiO₂-Nb2 
TiO₂-Nb1 
A 
A 
A-anatase 
A 
A A 
A 
A 
A 
A A 
Chapter 5 
 
 
94 
 
The  TiO2-Ta1 and Ta2 samples which were doped with lower content of Ta  showed anatase 
structure after annealing at 400 °C (Figure 5.6). By increasing the Ta content in the coating 
the structure changed from anatase to amorphous for TiO2-Ta3, Ta4 and Ta5 samples after 
annealing at 400 °C. Once the samples were annealed at higher tempereture the structure 
changed from amorphous to anatase (Figure 5.7).  
 
 
 
Figure 5.6: Raman spectra of TiO2-Ta coatings post-deposition annealed at 400 °C showing 
the crystal structure of coatings (anatase and amorphous). 
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Figure 5.7: Raman spectra of TiO2-Ta coatings post-deposition annealed at 600 °C showing 
the crystal structure of coatings (anatase). 
The results of Raman spectroscopy for W-doped samples are presented in Figures 5.8 and 
5.9. The only W-doped sample that showed an anatase structure after annealing at 400 °C was 
TiO2-W1. The rest of the samples did not form any crystal structure (Figure 5.8). The 
samples with the lower content of W were anatase after annealing at 600 °C. As the amount 
of W increased from 10-15.2 at.%, the crystal structure changed from anatase to rutile (Figure 
5.9). Therefore, W levels below 10 at.%  promoted anatase formation and W level above 10 
at.% supresses crystallinity. At higher concentrations of W, the peaks for WO3 were observed 
at 968 cm
-1 
and 273 cm
-1 
 that are assigned to tugsten oxide species on the surface of the 
coatings [115].  
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Figure 5.8: Raman spectra of TiO2-W coatings post-deposition annealed at 400 °C showing 
the crystal structure of coatings (anatase, amorphous). 
 
 
Figure 5.9: Raman spectra of TiO2-W coatings post-deposition annealed at 600 °C showing 
the crystal structure of coatings (anatase, rutile). 
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In summary,  for Mo-, Nb-, W- and Ta-doped titania coatings, with a dopant level of below 4 
at.%, a strong anatase structure has clearly evolved at 400 °C which indicates that the lower 
dopant level promotes anatase phase growth. As the dopant content increased above 4 at.% 
for Ta- and W-doped coatings, the crystal structure changed from anatase to amorphous at 
400 °C, it may be inferred that the higher dopant levels were suppressing crystallisation. 
Annealing at 600 °C results in the formation of an anatase structure for the majority of the 
dopants investigated, but in the case of tungsten, broad rutile peaks were also detected. 
Therefore, annealing at higher temperature did not promote anatase phase growth with higher 
dopant levels (above 10 at.%). 
 
5.3 XRD results 
 
X-ray diffraction patterns were collected for a number of samples. Representative XRD 
patterns (Figures 5.10-5.16) for pure titania and  Mo-, Ta- and Nb-doped titania samples have 
three sharp peaks at 43.7°, 50.6°, and 75.3° degrees 2θ which are from the substrate, which in 
this case is stainless steel. As mentioned earlier, XRD has higher penetration depths in 
comparison to Raman spectroscopy; therefore substrate peaks are more evident in the XRD 
pattern than Raman spectra. The XRD data generally echoed the Raman data in that the 
majority of samples have a mixture of polycrystalline structures. Anatase (tetragonal) 
(JCPDS: 21-1272), rutile (tetragonal with different arrangement) (JCPDS 21-1276) and β 
TiO2 are three crystalline phases that could be found in the XRD spectra. All samples, after 
annealing at 400 °C, and 600 °C showed a strong anatase peak at 2θ = 25.4° (101), except 
TiO2-Mo4 (7 at. %). All the analysed samples also showed the presence of some monoclinic 
β-titania. In the XRD patterns for the TiO2-Mo4 (7 at. %) sample annealed at 400 °C, some 
rutile peaks were found (Figure 5.11). In Figure 5.12, as the annealing temperature increases 
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to 600 °C, the TiO2-Mo4 (7 at. %) becomes more crystalline, indicated by the sharper, more 
intense peaks in the trace. The anatase phase with characteristic peaks at 25.4°, 48° and rutile 
peaks at 27.4
°
, 36
° and 55
° were present. No additional peaks were found that could be 
attributed to molybdenum oxides or molybdenum clusters. 
More crystalline peaks could be observed for TiO2-Nb1 (0.25 at. %) coating in comparison to 
TiO2-Nb2 (0.52 at.%) (Figures 5.13 and 5.14). Fewer anatase peaks were found, as the 
concentration of Nb in the coating increased for samples post annealed at 400 °C (Figure 
5.13). The intensity of the 25.4
° 
(101) peak was higher for TiO2-Nb1 (0.25 at. %) than TiO2- 
Nb2 (0.52 at. %)  (Figure 5.14), which indicates a higher ratio of anatase structure in the 
coating. No peaks of other phases such as Nb-Ti, niobium oxides and Nb clusters were found.  
The TiO2-Ta2 sample, which was selected as a typical example of the Ta-doped coatings, 
showed an anatase structure once annealed at 400 °C (Figure 5.15). The Ta-doped titania 
coatings after annealing at 600 °C showed an anatase/rutile mixed phase structure (Figure 
5.16). The XRD pattern did not exhibit any peaks that could be attributed to Ta oxide.   
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Figure 5.10: XRD pattern of TiO2 coating post-deposition annealed at 600 °C, showing the 
crystal structure of coating.  
 
 
 
Figure 5.11: XRD pattern of TiO2-Mo4 coating post-deposition annealed at 400 °C showing 
the crystal structure of coating. 
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Figure 5.12: XRD pattern of TiO2-Mo4 coating post-deposition annealed at 600 °C showing 
the crystal structure of coating. 
 
 
Figure 5.13: XRD pattern of TiO2-Nb1 coating post-deposition annealed at 400 °C showing 
the crystal structure of coating. 
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Figure 5.14: XRD pattern of TiO2-Nb2 coating post-deposition annealed at 400 °C showing 
the crystal structure of coating. 
 
 
Figure 5.15: XRD pattern of TiO2-Ta2 coating post-deposition annealed at 400 °C showing 
the crystal structure of coating. 
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Figure 5.16: XRD pattern of TiO2-Ta3 coating post-deposition annealed at 600 °C showing 
the crystal structure of coating. 
 
 
5.5 Photocatalytic activity 
5.5.1 TiO2-Mo coatings  
 
Figures 5.17 - 5.20 show methylene blue (MB) degradation versus time plots for TiO2-Mo 
coatings, post annealed at 400 °C and 600 °C, under both UV and fluorescent light 
irradiation. It can be observed that coatings annealed at 400 °C had low photocatalytic 
activity, none of the Mo-doped coatings were better than TiO2 (Figures 5.17 and 5.19). TiO2-
Mo2 coating showed the highest photocatalytic activity under UV light irradiation after 
annealing at 400 °C in comparison to other Mo-doped coatings. The photocatalytic activity 
was raised by increasing the annealing temperature to 600 °C for TiO2-Mo2 and TiO2-Mo3 
samples with crystal structure of  anatase and  mixed phase anatase/rutile (Table 5.5). 
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As Mo content increased up to 7 at.%, photocatalytic activity increased under both UV and 
fluorescent light in comparison to the undoped TiO2. The best photoactivity under both light 
sources was achieved with the Mo content of 7 at. %, and annealing temperature of 600 °C 
(Table 5.5). TiO2-Mo4 7 at.% had a mixed phase crystal structure of anatase/rutile that may 
explain the strong photoactivity results, as it is reported that  the mixed phase crystal structure 
reduces the rate of photoexcited e
-
/h
+ 
recombination [21]. The crystal structure changed from 
mixed phase anatase/ rutile to rutile as the Mo content exceeded 7 at.% (Figure 5.21), 
therefore the photocatalytic activity was reduced. Changes in crystal structure clearly 
influence the photoactivity of the thin film coatings. It was found that the undoped 
amorphous titania coating was inactive during photocatalytic testing [1]. As expected, the 
amorphous Mo-doped titania coating prepared in this project also showed a low activity level 
for photo-decomposing MB in aqueous solution (Figure 5.17).     
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Figure 5.17: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Mo coatings with different Mo level, annealed at 400 °C. 
 
Figure 5.18: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Mo coatings with different Mo level, annealed at 600 °C. 
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Figure 5.19: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Mo coatings with different Mo level, annealed at 400 °C. 
 
Figure 5.20: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Mo coatings with different Mo level, annealed at 600 °C 
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Figure 5.21: At.% and photocatalytic activity of Mo annealed at 600 °C. This figure provides 
a comparison of composition, structure and activity and clearly reveals that the maximum 
activity coincides with a dopant content of 7 at.% and a mixed phase structure. 
Table 5.5: Crystal structure properties and photocatalytic activity under fluorescent and UV 
light irradiation for Mo-doped TiO2 coatings. 
Sample type Mo 
(at.%) 
Annealing 
temperature (°C) 
Crystal structure (Raman 
spectroscopy) 
PaUV PaFL 
TiO2  As deposited  Amorphous  0.1 0 
TiO2  400  Amorphous  0.35 0.1 
TiO2  600 Anatase  0.69 0.41 
TiO2-Mo1(50% 
duty cycle)  
1.5 400 Anatase/ rutile 0.65 0.25 
TiO2-Mo1(50% 
duty cycle) 
1.5 600 Anatase 0.27 0 
TiO2-Mo2  2.7 400 Anatase /rutile 0.68 0.48 
TiO2-Mo2  2.7 600 Anatase 0.73 0.54 
TiO2-Mo3  5.5 400 Anatase 0.5 0.14 
TiO2-Mo3  5.5 600 Anatase/rutile 0.77 0.47 
TiO2-Mo4  7 400 Amorphous 0.52 0.17 
TiO2-Mo4  7 600 Anatase/ rutile 0.88 0.72 
TiO2-Mo5  11.8 400 Amorphous 0.47 0.14 
TiO2-Mo5  11.8 600 Rutile 0.57 0 
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5.5.2 TiO2-Nb coatings 
 
Methylene blue degradation (MB) behaviour in presence of TiO2-Nb coatings, post annealed 
at 600 °C and 400 °C, under UV and fluorescent light were investigated (Figures 5.22- 5.25). 
The TiO2-Nb1 (0.25 at. %) coating gave the highest photocatalytic degradation of MB under 
UV and fluorescent light after annealing at 400 °C compared to other samples annealed at the 
same temperature. As explained earlier, the intensity of Raman spectra and XRD reflecting 
peaks was higher for TiO2-Nb1 sample, which could explain the better crystallinity (more 
crystalline material), although all of the Nb-doped titania samples were anatase (Figure 5.26).  
TiO2-Nb3 and Nb4 showed the higher photocatalytic activity in comparison to other samples 
annealed at 600 °C. However, the photoactivity was not improved after annealing at 600 °C 
(Figures 5.23, 5.25). Initially, this was considered unexpected as annealing at higher 
temperature is frequently carried out to improve the photocatalytic activity of coatings. This 
could be explained by the possibility of separation of Nb from TiO2 matrix, which resulted in 
reduced photoactivity of coatings. However, further investigation by XPS, EDX mapping or 
SIMS is needed in order to establish the distribution of Nb in coatings after annealing at 
different temperatures. The results of Nb doped coatings are summarised in Table 5.6.  
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Figure 5.22: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Nb coatings with different Nb level, annealed at 400 °C. 
 
Figure 5.23: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Nb coatings with different Nb level, annealed at 600 °C. 
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Figure 5.24: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Nb coatings with different Nb level, annealed at 400 °C. 
 
Figure 5.25: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Nb coatings with different Nb level, annealed at 600 °C. 
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Figure 5.26: At.% and photocatalytic activity of Nb annealed at 400 °C. This figure provides 
a comparison of composition, structure and activity and clearly reveals that the maximum 
activity coincides with a dopant content of 0.25 at.% and an anatase structure. 
Table 5.6: Crystal structure properties and photocatalytic activity under fluorescent and UV 
light irradiation for Nb-doped TiO2 coatings. 
Sample type Nb (at.%) Annealing 
temperature 
(°C) 
Crystal structure 
(Raman spectroscopy) 
PaUV PaFL 
TiO2-Nb1  0.25 400 Anatase 0.84 0.53 
TiO2-Nb1  0.25 600 Anatase 0.45 0.27 
TiO2-Nb2  0.5 400 Anatase 0.59 0.1 
TiO2-Nb2  0.5 600 Anatase 0.35 0.22 
TiO2-Nb3  1.4 400 Anatase 0.59 0 
TiO2-Nb3  1.4 600 Anatase 0.5 0.1 
TiO2-Nb4  0.75 400 Anatase 0.57 0.1 
TiO2-Nb4  0.75 600 Anatase 0.51 0.15 
TiO2-Nb5 2.1 400 Anatase 0.44 0 
TiO2-Nb5  2.1 600 Anatase 0.36 0 
TiO2-Nb6  2.85 400 Anatase 0.42 0 
TiO2-Nb6  2.85 600 Anatase 0.3 0 
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5.5.3 TiO2-Ta coatings 
 
As can be seen from the results of photocatalytic measurements, doping with tantalum (Ta) 
did not enhance the photocatalytic activity under fluorescent light irradiation, compared to 
undoped TiO2 (Figures 5.27- 5.30). The coatings with a Ta dopant level of 0.76 at.% and 1.1 
at.% and annealing temperature of 400 °C gave the highest activity in comparison to other 
dopant levels (Table 5.7) under UV light irradiation. As the annealing temperature increased 
from 400 °C to 600 °C, an improvement in photoactivity was observed for TiO2-Ta3, TiO2- 
Ta4 and TiO2-Ta5 samples. An enhancement in photocatalytic activity could be explained by 
the formation of anatase phase after annealing at 600 °C. As explained earlier, at higher 
annealing temperature for lower dopant levels, there is a possibility of separation of dopant 
metals from titania matrix, i.e. leading to the formation of tantalum oxide. However, if this 
happened the quantities were too low to detect, but could nevertheless affect the 
photocatalytic activity of coatings. Figure 5.31 represents the trend of dopant level, crystal 
structure and their photocatalytic activity after annealing at 400 °C, indicating that increasing 
the dopant levels supress both crystallinity and photocatalytic activity. 
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Figure 5.27: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Ta coatings with different Ta level, annealed at 400 °C. 
 
Figure 5.28: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Ta coatings with different Ta level, annealed at 400 °C. 
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Figure 5.29: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-Ta coatings with different Ta level, annealed at 600 °C. 
 
Figure 5.30: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-Ta coatings with different Ta level, annealed at 600 °C. 
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Figure 5.31: At.% and photocatalytic activity of Ta- doped coatings annealed at 400 °C. This 
figure provides a comparison of composition, structure and activity and clearly reveals that 
the maximum activity coincides with a dopant content of 1.1 at.% and an anatase structure. 
Table 5.7: Crystal structure properties and photocatalytic activity under fluorescent and UV 
light irradiation for Ta-doped TiO2 coatings. 
Sample type Ta (at.%) Annealing 
temperature 
(°C) 
Crystal 
structure 
(Raman 
spectroscopy) 
PaUV PaFL 
TiO2-Ta1  0.76 400 Anatase 0.73 0.03 
TiO2-Ta1 0.76 600 Anatase  0.42 0.04 
TiO2-Ta2 1.1 400 Anatase 0.74 0.13 
TiO2-Ta2 1.1 600 Anatase 0.4 0.07 
TiO2-Ta3 3.4 400 Amorphous 0.24 0 
TiO2-Ta3 3.4 600 Anatase 0.61 0.17 
TiO2-Ta4 9.2 400 Amorphous 0.11 0 
TiO2-Ta4 9.2 600 Anatase 0.37 0 
TiO2-Ta5 13.8 400 Amorphous 0.11 0 
TiO2-Ta5 13.8 600 Anatase  0.2 0 
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5.5.4 TiO2-W coatings 
 
Photocatalytic activity was not improved significantly by the addition of W into TiO2, 
although it was enhanced slightly by increasing the annealing temperature from 400 ºC to 600 
ºC (Figures 5.32-5.35). As the amount of W dopant increases, there is a reduction in 
photocatalytic activity under UV light irradiation in comparison to lower dopant levels 
(Figure 5.34). There is a change in crystal structure of the thin film from anatase to rutile as 
the content of W increased in the coating, which results in reduction of photocatalytic activity 
(Figure 5.36) (Table 5.8). The presence of WO3 peaks at and 968 cm
-1
 and 273 cm
-1
 on the 
Raman spectra of the W-doped coatings may be taken as evidence that some quantity of 
tungsten exists  as a separate phase of tungsten oxide. Thus, the reduction in photocatalytic 
activity could be due to presence of tungsten oxide species covering the surface of 
photocatalyst. At  higher concentration, W ions can behave as recombination centres, as it 
can not actively trap and transfer both photogenerated electrons and holes to the surface of 
titania [159]. There is a slight increase in photoactivity under fluorescent light in contrast to 
pure titania for the TiO2-W1 (3.8 at.%)  sample (Figure 5.32).  
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Figure 5.32: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-W coatings with different W level, annealed at 400 °C. 
 
Figure 5.33: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-W coatings with different W level, annealed at 400 °C. 
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Figure 5.34: Peak methylene blue absorbance (665 nm) as a function of UV light exposure 
time for TiO2-W coatings with different W level, annealed at 600 °C.   
 
Figure 5.35: Peak methylene blue absorbance (665 nm) as a function of fluorescent light 
exposure time for TiO2-W coatings with different W level, annealed at 600 °C 
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Figure 5.36: At.% and photocatalytic activity of W-doped coatings annealed at 600 °C. This 
figure provides a comparison of composition, structure and activity and clearly reveals that 
the maximum activity coincides with a dopant content of 3.8 at.% and an anatase structure. 
Table 5.8: Crystal structure properties and photocatalytic activity under fluorescent and UV 
light irradiation for W-doped TiO2 coatings. 
Sample type W (at.%) Annealing 
temperature (°C) 
Crystal structure 
(Raman spectroscopy) 
PaUV PaFL 
TiO2-W1 3.8 400 Anatase 0.36 0.1 
TiO2-W1 3.8 600 Anatase  0.71 0.45 
TiO2-W2 4.6 400 Amorphous  0.22 0 
TiO2-W2 4.6 600 Anatase  0.65 0.19 
TiO2-W3 5.8 400 Amorphous 0.14 0 
TiO2-W3 5.8 600 Anatase 0.63 0.14 
TiO2-W4 7 400 Amorphous  0.08 0 
TiO2-W4 7 600 Anatase 0.66 0.28 
TiO2-W5 10 400 Amorphous  0.11 0 
TiO2-W5 10 600 Anatase  0.53 0.24 
TiO2-W6 13.4 400 Amorphous  0.05 0 
TiO2-W6 13.4 600 Rutile  0.24 0 
TiO2-W7 15.2 400 Amorphous  0.08 0 
TiO2-W7 15.2 600 Rutile  0.09 0 
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5.5.6 Summary statement  
 
In this study the dopant levels varied widely between different transition metals, since the 
deposition rate of different transition metals varied from target to target. However, for some 
of the transition metals investigated similar dopant levels were achieved. Figures 5.37 and 
5.38 were plotted for various samples with similar dopant levels. 
Thus, by comparing the doping level of the TiO2-Mo4 (7 at.%) and TiO2-W4 (7 at.%) 
coatings after annealing at 600 °C,  it can be observed that Mo4 showed higher photocatalytic 
activity under both light conditions (Figure 5.37). This could be explained by the crystal 
structures of coatings, as TiO2-Mo4 had a mixed phase anatase/rutile crystal structure, which 
was found to be more photoactive, but the structure of TiO2-W3 was anatase. Photocatalytic 
activity was also higher for the TiO2-Mo3 (5.5 at.%) coating than TiO2-W3 (5.8 at.%) under 
both UV and fluorescent light. The TiO2-Mo3 (5.5 at.%) coating also had a mixed phase 
anatase/rutile crystal structure but TiO2-W3 (5.8 at.%) was anatase. This result infers that Mo 
had greater effect on capturing photo-generated electrons and holes than W.  
For the 2.7 at.% Mo-doped coating, the photocatalytic activity was improved significantly in 
comparison to 2.85 at.% Nb-doped sample under both light conditions. Again, it appears that 
Mo had greater effect on effective charge carrier separation. Comparing the 3.8 at.% W-
doped sample with 3.4 at.% Ta-doped sample, a conclusion can be drawn that tungsten was 
more effective at slowing the recombination rate and thus increasing the photocatalytic 
activity.  
Figure 5.38 shows the relative photocatalytic activity of Mo-, Ta- and Nb-doped samples 
with similar dopant levels after annealing at 400 °C. In this case, Ta-doped samples showed 
higher photocatalytic activity under UV light in comparison to Nb- and Mo-doped samples. 
However, the photocatalytic activity of Mo-doped sample under fluorescent light irradiation 
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was higher than other doped samples with similar dopant level. All of the samples under 
investigation had anatase crystal structure, so the difference in photocatalytic activity could 
be due to the position of dopant within the crystal lattice of titania. 
The best results obtained for each dopant can be seen in figure 5.39, in comparison to 
undoped titania and Pilkington Activ
TM
 glass (a commercial product) (measured by the same 
process). However, direct comparison with this latter standard sample should be avoided, 
because it is produced via a chemical vapour deposition pyrolysis route. It is also prepared on 
glass substrate, as it has been reported by several authors that the choice of substrates can 
affect photocatalytic activity [160, 161]. However, as there is no standard thin film coating on 
stainless steel substrate; it still serves a useful bench mark for assessment of relative activity 
levels. It is evident from Figure 5.40, the colour of stainless steel changed after coating.  
Doping with 7 at.% molybdenum improved the photocatalytic activity under both UV (19% 
higher than pure TiO2) and fluorescent light (31% higher than pure TiO2) irradiation in 
comparison to undoped TiO2 and other transition metal dopants, after annealing at 600 °C. 
This effect is probably due to more efficient electron-hole separation, and band gap 
reduction. The niobium (Nb) doped titania coating (0.25 at.%) also showed high 
photocatalytic activity under UV light (12% higher than pure TiO2), however, the activity 
under fluorescent light was lower than the Mo doped samples. Tungsten (3.8 at.%) and 
tantalum (1.1 at.%) doped samples demonstrated slight enhancement in photocatalytic 
activity under UV light. However, the W-doped coatings showed higher photocatalytic 
activity than Ta-doped coating under fluorescent light. Therefore, Mo-, Nb- and W-doped 
tiania coatings were selected for antimicrobial assay, as they showed higher photocatalytic 
activity under fluorescent light in comparison to pure titania. The results will be discussed in 
Chapter 6.  
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The best performing sample (TiO2-Mo4) was taken for placement in brewery trials. TiO2-
Mo4 also showed an antimicrobial activity, which will be discussed in the next chapter. Due 
to a limit on number of samples that can be installed in the brewery environment, only 
TiOMo 4 and pure TiO2 were placed. This will be described in details in Chapter 7.  
 
 
Figure 5.37: Relative photocatalytic activity for TiO2 doped with similar dopant levels (Mo,  
W, Nb and Ta) after annealing at 600 °C. 
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Figure 5.38: Relative photocatalytic activity for TiO2 doped with similar dopant levels (Mo,  
Nb and Ta) after annealing at 400 °C. 
 
Figure 5.39: Relative photocatalytic activity for TiO2 doped with different transition metals 
(Mo, Nb, W and Ta) and comparison with commercially available photocatalytic surface 
(Pilkington Activ
TM
). 
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Figure 5.40: Example of coated stainless steel surface produed in this project a) uncoated 
stainless steel b) pure TiO2 b) Mo-doped TiO2. 
 
5.7 Discussion 
 
Different dopants (Mo, Nb, Ta, and W) at various levels in TiO2 coatings were selected in 
order to investigate their effect on coating crystal structure and corresponding photocatalytic 
activity. This allowed for the optimisation of the coating properties. Two different annealing 
temperatures were selected in order to improve the crystal structure and the photocatalytic 
activity of doped and undoped TiO2 thin film coatings.  
The first major point to note from the results obtained is that all as-deposited coatings were 
amorphous, but developed a crystalline structure after annealing. The dopant content 
influenced the crystallisation of the coatings with some dopants tending to suppress 
crystallisation and others suppressing or promoting an anatase to rutile transition. Apart from 
crystal structure and annealing temperature, other parameters such as the electronic structure 
of metal ion and interaction of the latter with substrates can also influence the ion doping 
behaviour, which might in turn affect the optimum dopant concentration.  
a) b) 
c) 
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Although the majority of doped titania samples showed photoactivity under UV light, a large 
difference is observed between the different dopants, which depends on the dopant level 
which varied widely. The amount of dopant in the titania lattice influences the process of 
charge carrier trapping, separation and recombination, so when the concentration of dopant is 
high the electron-hole recombination process occur easily, due to short distance between 
charge carrier traps [161].  
For the Mo-doped samples, the best photocatalytic activity was obtained with TiO2-Mo 4 (7 
at.%), with 600 °C annealing. The XRD diffraction peaks and Raman spectra indicate mixed 
anatase/rutile  phases. It has been found in the literature that a mixed phase anatase/rutile 
structures are more active than pure anatase [19, 21]. No additional peaks were found that 
could be attributed to molybdenum oxides or molybdenum clusters, so most of the Mo dopant 
is substitutionally incorporated into the TiO2 lattice. As the Mo content increased, there was 
an increase in photoactivity under both UV and fluorescent light irradiation. However, as the 
dopant concentration was increased to 11.8 at. %, a reduction in photocatalytic activity was 
observed. As the redox potential of Mo
6+
/Mo
5+
 is higher than Ti
4+
/ Ti
3+
, Mo
6+
 is more likely 
to capture electrons compared to Ti
4+
. For this reason an appropriate concentration of Mo 
could increase the number of photo-generated holes on the surface and consequently promote 
the formation of hydroxyl radicals which are highly reactive and can increase the 
photocatalytic activity. However, further increased levels of Mo may bring an opposite effect, 
due to reduction in the distance between the trap sites, the rate of recombination increases and 
photocatalytic activity decreases [79].  
When the dopants levels are too high, Mo
6+ 
cannot enter the TiO2 lattice and it can cover the 
surface of titania, which leads to a decrease in photocatalytic activity. The valence bands and 
conduction bands of two crystals (TiO2 and MoO3) may be linked and charge capture centres 
maybe become recombination centres, so photocatalytic activity reduces [79]. At higher 
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annealing temperatures, the crystallinity becomes stronger and more predominant. There was 
no remarkable change in surface roughness as the annealing temperature increased.  
 
As the concentration of niobium increased in the coatings their photocatalytic activity 
decreased. An anatase crystal structure existed for all of the samples under investigation. 
However, differences in the relative intensity of the main peaks were observed. The intensity 
of some of the samples was higher than others which indicated higher crystalline content. 
According to previously published works, Nb doped samples with up to 1 at.% of Nb showed 
the maximum photocatalytic activity [77, 155] and stabilized the formation of anatase in the 
titania lattice. In most of the published studies describing the photocatalytic properties of Nb, 
high temperatures (above 600 °C) were used to anneal the coating [77, 162]. However, in our 
studies, it has been shown that the good photocatalytic activity can be obtained at a lower 
annealing temperature (400 °C). Further investigation is required to explore the distribution 
of Nb in the coating after annealing at higher temperature.   
 
Tantalum is another transition metal that was used to dope the titanium dioxide for enhancing 
the photoactivity of TiO2 films. The best photocatalytic activity under UV light irradiation 
was achieved with TiO2-Ta 1 (0.76 at.%) and TiO2-Ta 2 (1.1 at.%) with a calcination 
temperature of 400 °C. However, no improvement in photocatalytic activity was achieved 
under fluorescent light irradiation. The change in calcination temperature from 400 °C to 600 
°C for the TiO2-Ta 3 and TiO2-Ta 4 coatings caused a change in crystal structure from 
amorphous to anatase which resulted in an increase in photoactivity under UV light compared 
to the 400 °C annealing temperature. Our results are in agreement with those of Stengl et al. 
[163] who showed that tantalum doping did not improve the photocatalytic activity of TiO2.  
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The W-doped titania samples were also investigated. Doping with W slightly improved the 
photocatalytic activity under fluorescent light illumination. The best performance was 
achieved with 3.8 at. % W annealed at 600 °C. There was a change in crystal structure from 
anatase to rutile at higher dopant concentration. It is known that the addition of W into the 
titania lattice also causes the formation of WO3 which acts as a separation centre for electrons 
and holes due to its conduction and valence bands being lower than those of TiO2, which 
leads to the photogenerated electrons being transferred to the lower-lying WO3 conduction 
band, while holes accumulate in the TiO2 valence band [164]. The presence of the Raman 
bands at 968 cm
-1  
and
 
273 cm
-1
 on the Raman spectra of W-doped samples may be taken as 
evidence that some quantity of tungsten exists as a separate phase of WO3. Therefore, it 
would be reasonable to assume that some fraction of the doping tungsten is not incorporated 
into the lattice of titania as the content of dopant increased, it is considered that the tungsten 
oxide species would cover the surface of photocatalyst, and hence reduce the available 
surface area of TiO2 would be reduced, thereby resulting in the observed reduction of 
photocatalytic activity. 
 
The majority of published work reported that W-doped titania significantly improved the 
photocatalytic activity of titania thin film [78, 165, 166]. In the present study this has not 
been the case and a small enhancement in photocatalytic activity was observed. This different 
behaviour may be related to the choice of substrate, as ceramic and glass substrates are 
reported to show higher photocatalytic activity in comparison to stainless steel substrates 
[161]. At high annealing temperature, Fe and Cr ions from stainless steel substrate could 
penetrate into the film, which can have a detrimental effect on photocatalytic activity [167]. 
Another possible reason that was suggested in literature is that, an electrical double layer is 
formed when TiO2 thin films and the substrates are in contact with each other, thus the 
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electrons would transfer from high Fermi level to low Fermi level. There are two typical 
electron double layer structures: one is the composite semiconductor structure between two 
semiconductors, such as a ceramic substrate, the other is the Schottky barrier structure 
between the metal and the semiconductor, such as titanium sheet. Since non-metal substrates 
have a larger band gap and lower Fermi level than the TiO2 semiconductor, the electrons will 
transfer from TiO2 semiconductor to non-metal substrates. The electron depletion layer thus 
will be formed in the TiO2 film. The depletion layer of TiO2 thin film can further serve as the 
trap centre of photo-excited electrons. The work function value of stainless steel is 4.51 eV, 
which is below the values of TiO2 semiconductor work function (5.58 eV), so the electrons 
will transfer from metal to semiconductor. The accumulation layer of electrons will be 
formed in TiO2 film, which would act as the trap centre of photo-excited holes [161]. 
Identical coatings prepared on glass substrate demonstrated higher photocatalytic activity (the 
results of the parallel project) [168]. 
The value of surface roughness did not change significantly by doping with different 
transition metals. Higher surface roughness could have a positive impact on photocatalytic 
activity [82], since an increase in surface roughness implies an increase in surface area of the 
coating in contact with methylene blue solution. However, this does not apply to coatings 
studied here, as they all were of similar surface roughness.    
Chapter 6 
 
 
128 
 
Chapter 6: Antibacterial Activity of TiO2 Doped with Different Transition 
Metals (Mo, W and Nb) 
  
6.1 Introduction  
 
In food processing systems, as in nature, microorganisms become attached to solid surfaces 
conditioned with nutrients that may allow for their survival and growth. The development of 
biofilms can occur once viable microorganisms have attached to a surface; this can occur on 
most surfaces in any environment, given appropriate conditions for growth. Where surface 
fouling occurs, without biofilm growth, the term microbial fouling or biofouling is generally 
used. Biofouling refers to the undesirable formation of a layer of living microorganisms 
and/or their decomposition products as deposits on the surfaces. In the food and beverage 
industry, biofouling (and biofilms) cause serious problems such as impeding heat transfer, 
increasing the frictional resistance of a fluid over the surface and increasing the corrosion rate 
at the surface. These effects lead to an increase of energy use and spoilage of product [169]. 
In order to overcome these problems, an optimum cleaning protocol should be employed to 
reduce the number of attached bacteria and prevent biofouling and biofilm formation. 
Cleaning approaches can be classified in to two types [170]:  
1) Engineering approaches: reducing energy, cost, and time in established cleaning 
operations. 
2) Scientific approaches: achieving cleanliness or a cleaning time as a function of 
influencing factors; for examples, shear stress, temperature, surface type, finish, food 
type, and mode of action of cleaner.  
Process hygiene plays a major role in ensuring the quality of products. One approach to 
improve cleaning is to change the surface chemistry by coating the surface. Titanium dioxide 
powder and thin film coatings used as photocatalytic surfaces provide complementary 
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technology to current drinking water treatment processes [53]. TiO2 photocatalysts have 
potential for use in the food industry since they reduce requirements for consumable cleaning 
chemicals.  
The aim of the work described in this chapter was to evaluate the antimicrobial properties of 
selected TiO2 coatings doped with transition metals as well as the metals themselves and their 
thin film oxide coatings using Escherichia coli as a model organism under fluorescent light.  
 
6.2 Antimicrobial assay results 
 
In any study on the effect of a surface on microbial viability, it is important that the growth 
phase of the microorganisms is well defined. Bacteria in the exponential phase are more 
susceptible to injury than during the stationary phase [171, 172], but cells in any relatively 
hostile environment are likely to be in the stationary phase, where growth is halted. Thus, the 
initial bacterial inoculum used for all the experiments was of stationary phase cells. For all 
experiments the initial bacterial suspension was standardised to an OD540 nm of 0.08. This 
absorbance corresponds to a cell concentration of 1.0 (± 0.2) × 10
7 
cfu mL
-1
 (Section 4.3.2).  
The limit of detection for the bacterial viability test was 10 cells per cfu µL
-1
.  
The effect of different initial E. coli concentrations on susceptibility to photocatalytic 
treatment has been reported [27, 173]. Results indicated that a longer time is required for 
bacterial inactivation when the initial concentration of bacteria is higher. It can be assumed 
that in this work, where a high initial concentration (10
7 
cfu mL
-1
) was used, that bacteria 
would have been inactivated more slowly than with a lower cell concentration. However, 
high concentrations tend to be used in standardised assays to enable the effects of variables to 
be measured. 
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E. coli was used to assess the antimicrobial activities of TiO2 samples doped with Mo, Nb 
and W samples under fluorescent light irradiation. TiO2-Mo (7 at.%), TiO2-Nb (0.25 at.%) 
and TiO2-W (3.8 at.%) showed high photocatalytic activity under fluorescent light, however 
the Ta-doped titania coating did not show improved photocatalytic activity under fluorescent 
light. Therefore, these coatings were selected on basis of their performance which was 
described in Chapter 5. Higher concentration of W in the coating (10 at.%) was also selected, 
as the results from W and WO3 coatings confirmed an antimicrobial activity of W in the dark.   
Furthermore, transition metals and their oxides were tested by methylene blue degradation 
under UV and fluorescent light to investigate their photocatalytic activity. However, no trace 
of photoactivity was detected (results not presented). Experiments to determine the 
antimicrobial properties of transition metal coatings and coatings of their oxides were also 
carried out at different exposure times under fluorescent light irradiation. The photocatalytic 
inactivation of the bacteria cells was assessed by removing samples at 0, 6, 8, 12, 24 and 48 
hours.   
The TiO2 coated surface was proved to be less effective against E. coli than doped TiO2 
coatings, reducing the number of colony forming units by 2 logs after 24 hours irradiation 
under fluorescent light, with no reduction of counts in the dark condition. However, the TiO2-
Mo (7 at.%) surface was proved to be more effective against  E. coli, with counts reducing to 
below the limit of detection (<10 cfu cm
-2
) within 24 hours (p<0.05) (Figure 6.1). 
The extent of bacterial inactivation tended to increase with increased exposure time to 
fluorescent light (Figure 6.1). Control experiments showed no significant (p > 0.05)  bacterial 
inactivation in the presence or absence of the light on stainless steel surfaces. Metal ion 
dopants work as charge carrier traps, effectively enhancing the separation of photoexcited 
electron/hole pairs and result in an increase in the surface photoreaction, which in turn results 
in formation of more reactive oxygen species (ROS) on the photocatalyst surface. It may be 
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speculated that the production of more ROS resulted in an increase of  bacterial inactivation 
[79, 174]. Indeed, as noted in chapter 5, Mo-doped titania coating showed high photocatalytic 
activity. 
On  Mo metal and MoO3 coatings in the absence of  TiO2, E. coli was inactivated within eight 
hours both in the dark and under fluorescent light irradiation, so the inactivation was much 
more rapid than for TiO2-Mo (7 at.%) (Figure 6.2 and 6.3). Light was unnecessary for this 
inactivation, further suggesting that the Mo metal and MoO3 coatings were also innately 
antimicrobial.  
 
Figure 6.1: Antimicrobial effect of TiO2 -Mo (7 at.%) photocatalyst against E. coli compared 
to stainless steel (SS) and TiO2 over 24 hours of incubation demonstrating that TiO2-Mo (7 
at.%) was more antimicrobial than TiO2 (<10 cfu cm
-2
 over 24 h) in both light and dark 
conditions, suggesting  an innate antimicrobial effect other than photocatalysis. 
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Figure 6.2: Antimicrobial effect of Mo metal coating against E. coli compared to stainless 
steel (SS) over 24 hours of incubation demonstrating that the Mo has an antimicrobial effect, 
and that light was not needed to activate this surface. 
 
 
Figure 6.3: Antimicrobial effect of  MoO3 coating against E. coli compared to stainless steel 
(SS) over 24 hours of incubation demonstrating that MoO3 had an antimicrobial effect that 
did not require light activation. 
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The fluorescent light inactivation rate for the TiO2-Nb (0.25 at.%) coating was much lower 
than for the TiO2-Mo (7 at.%) photocatalyst, taking 48 hours compared to 24 hours to reduce 
the bacterial count to <10 cfu cm
-2 
(Figure 6.4). This was expected because the photocatalytic 
activity of TiO2-Mo (7 at.%) assessed by methylene blue was higher (Chapter 5). Nb metal 
and Nb2O5 coatings did not show any antimicrobial activity either in dark or light (Figure 6.5 
and 6.6), thus Nb only acted as a photocatalytic enhancer rather than being innately 
antimicrobial. However, there was a small reduction in counts in the dark after 24 hours with 
Nb-doped TiO2 coating. It would be intersting to investigate this further with different Nb 
dopant concentration. 
 
 
Figure 6.4: Antimicrobial effect of TiO2-Nb (0.25 at.%) photocatalyst against E. coli 
compared to stainless steel (SS)  over 48 hours of incubation demonstrating that TiO2-Nb 
(0.25 at.%) was the most antimicrobial (<10 cfu cm
-2
 over 48 h) in the light. 
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Figure 6.5: Antimicrobial effect of Nb metal coating against E. coli compared to stainless 
steel (SS) over 48 hours of incubation demonstrating no antimicrobial activity. 
 
Figure 6.6: Antimicrobial effect of Nb2O5 coating against E. coli compared to stainless steel 
(SS) over 48 hours of incubation demonstrating no antimicrobial activity. 
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For the TiO2-W (3.8 at.%) sample, there was inactivation of E. coli after 48 hours of 
incubation (Figure 6.7) but no effect in the dark. In this instance, some reduction in cell 
numbers on stainless steel controls was observed over time. This might be due to a not 
unexpected natural loss of viability, but could also be related to some batch variation in the 
stainless steels used which was noted but not investigated further. However, only the TiO2-W 
(3.8 at.%) with different light treatment had an effect with E. coli over and above those of all 
other treatments. 
W metal and WO3 coatings were also tested for antibacterial activity (Figure 6.8 and 6.9). No 
E. coli cells survived after an incubation time of six hours in either light or dark for the WO3 
coating. The WO3 coating was more active than the W metal coating, reducing detectable 
counts to zero in 6 hours instead of 12 hours. This result confirmed the antimicrobial 
properties of W and WO3. Higher concentration of W in the coating (10 at.%) was also 
selected, as the results from W and WO3 coatings confirmed an antimicrobial activity in the 
dark. With a higher concentration W in the coating (10 at.%), antibacterial activity was 
achieved over a shorter period of time in both the light and dark (Figure 6.10). This indicated 
that W possesses innate antimicrobial activity. 
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Figure 6.7: Antimicrobial effect of TiO2-W (3.8 at.%) photocatalyst against E. coli compared 
to stainless steel (SS)  over 48 hours of incubation demonstrating that TiO2-W (3.8 at.%) 
under light condition showed an antimicrobial effect. 
 
Figure 6.8: Antimicrobial effect of W metal coating against E. coli compared to stainless steel 
(SS) over 24 hours of incubation demonstrating that on a coating of W, an antimicrobial 
effect was observed. 
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Figure 6.9: Antimicrobial effect of WO3 coating  against E. coli compared to stainless steel 
(SS) over 24 hours of incubation demonstrating that WO3 coating had an antimicrobial 
activity under dark as well as light conditions.   
 
Figure 6.10: Antimicrobial effect of TiO2-W (10 at.%) photocatalyst against E. coli compared 
to stainless steel (SS) over 24 hours of incubation demonstrating that when using a higher 
concentration of W, antimicrobial effect was also seen under dark condition. 
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6.3 Re-use of TiO2-Mo (7 at.%) surface and cleaning assays 
 
It is important to know whether the photocatalyst surfaces can be reused or not, since the 
substratum is used in-situ over a period of time in which repeated soiling and cleaning will 
occur. Because TiO2-Mo (7 at.%) was the test surface selected for use in the brewery trials, 
only this surface was used for the cleaning assays. As will be noted in Chapter 7, the samples 
placed in three different brewery environments retained some of their photocatalytic activity, 
thus it was hoped that they would also retain their antimicrobial activity. A laboratory 
simulation of activity after one test cleaning assay was carried out as a preliminary 
comparison.  
After cleaning the TiO2-Mo (7 at.%) surfaces with either AME or 4 v/v % oxofoam and re-
challenging with E. coli, counts were again reduced to below the limit of detection ( <10 cfu 
cm
-2
) within 24 hours (Figure 6.11 and 6.12). It would therefore appear that re-use of the 
surface following one cleaning cycle with oxofoam (a standard industrial cleaner) and AME 
(a standard laboratory cleaner) did not impact negatively on the antimicrobial ability of the 
coating as counts of E. coli were reduced. However, this process will be repeated regularly 
in-situ, and more cleaning cycles sould be investigated in vitro for comparison. Testing for 
photocatalytic activity alone after re-use would also provide a more rapid screening process. 
 
 
 
 
 
 
Chapter 6 
 
 
139 
 
 
Figure 6.11: Antimicrobial effect of re-used TiO2-Mo (7 at.%) photocatalyst against E. coli 
compared to stainless steel (SS) over 48 hours of incubation demonstrating an antimicrobial 
activity of TiO2-Mo (7 at.%)  under light or dark conditions after cleaning with AME 
solution. 
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 Figure 6.12: Antimicrobial effect of re-used TiO2 -Mo (7 at.%) photocatalyst against E. coli 
compared to stainless steel (SS) over 48 hours of incubation. The surface was cleaned with 4 
v/v % oxofoam solution, demonstrating that TiO2-Mo (7 at.%) retained its antimicrobial 
activity after cleaning. 
The new TiO2-Mo (7 at.%) surfaces that had been tested for antimicrobial activity and were 
then treated with selected cleaners (4 v/v% oxofoam and AME) were stained using  acridine 
orange to determine if any residue had been left on the surfaces. Neither residual soil nor 
bacteria were apparent on the surfaces (Figure 6.13 b,c), indicating that for new surfaces, one 
cleaning cycles is effective. 
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Figure 6.13: Epifluorescent microscopy image of TiO2-Mo (7 at.%) photocatalyst stained 
with acridine orange a) after an assay and before cleaning and  b) after cleaning with 4 v/v % 
oxofoam solution c) after cleaning with AME solution. Before cleaning, stained material is 
apparent particularly at grain boundaries. This material is essentially absent after cleaning.  
An additional series of surfaces was also tested. Used surfaces from earlier assays had been 
discarded after immersion in neutraliser and kept in a dry beaker in the dark for up to 12 
months. These were cleaned (using oxofoam 4% v/v) and tested to check whether they had 
retained their antimicrobial activity, under fluorescent light irradiation. There were no 
changes in cell counts after 48 hours, thus activity had been lost (Figure 6.14). After the 
assay, Mo-doped titania sample was also tested by methylene blue degradation. There was a 
reduction in photocatalytic activity by 30%, indicating that residual soil was masking the 
photocatalytic activity (result not presented). Acridine orange staining of the surface (post 
cleaning) demonstrated significant fouling, presumably dried out neutralising solution and 
a) b) 
c)
) 
Chapter 6 
 
 
142 
 
residual microbial debris (Figure 6.15). Other factors which could affect the activity of the 
surface over time, such as diffusion of active components from coating, or degradation of the 
coating over time, or through damage caused by the recalcitrant soil. It would have been 
useful to have removed this residue and then retested for photocatalytic and antimicrobial 
properties. Other cleaning regimes such as abrasion, and the use of different chemicals 
cleaners and sanitiser could be employed to further investigate the robustness of the coating. 
This finding reinforces the importance of regular cleaning regimes to ensure that 
photoactivity is retained. 
 
 
 
Figure 6.14: Antimicrobial effect of TiO2-Mo (7 at.%) on E. coli compared to stainless steel 
(SS) over 48 hours of incubation. The used surface had been stored uncleaned and dry for 12 
months, and was then cleaned with 4 v/v% oxofoam solution, demonstrating no antimicrobial 
activity.   
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Figure 6.15: Epifluorescent microscopy image of acridine orange staining of old TiO2 -Mo (7 
at.%) photocatalyst (had been stored uncleaned and dry for 12 months) after cleaning with 4 
v/v % oxofoam solution (before antimicrobial assay). Cleaning was ineffective at removing 
old, dried soil. 
6.4 Effect of beer soil on antimicrobial activity of TiO2-Mo 7 at.% 
 
The effect of beer soil on antimicrobial activity demonstrated by the TiO2-Mo (7 at.%) 
surfaces was investigated against E. coli. The presence of dilute beer (10%) on the surfaces 
did not reduce the antimicrobial activity of coatings (Figure 6.16). However, undiluted beer 
on the TiO2-Mo (7 at.%) surfaces reduced the antimicrobial effectiveness, and no inhibition 
was seen (Figure 6.17). These results again show the importance of cleaning - dilute beer soil 
did not interfere with activity [175]. 
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Figure 6.16: Antimicrobial effect of TiO2-Mo (7 at.%) with dilute soil (10% beer) on E. coli 
compared to stainless steel (SS) over 48 hours of incubation demonstrating an antimicrobial 
activity of TiO2-Mo (7 at.%) with diluted soil. 
 
Figure 6.17: Antimicrobial effect of TiO2-Mo (7 at.%) undiluted soil (beer) on E. coli 
compared to stainless steel (SS) over 48 hours of incubation demonstrating no antimicrobial 
activity.  
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6.5 Zone of inhibition 
 
The zone of inhibition (ZOI) test was carried out to evaluate whether Mo, W and Nb could 
diffuse from the coated surfaces, and inactivate bacteria (Section 4.3.4.3). The test was 
performed on titania doped W and Mo samples, Nb metal was used as a control since it did 
not show any antibacterial activity in the dark. No zones of inhibition were observed (images 
not presented). These results suggest that, Mo and W ions were not leaching out from surface, 
or that the concentrations leaching out were too low to inhibit bacterial growth. Mo, MoO3, 
W, WO3, Nb and Nb2O5 coatings were also tested and no zones of inhibition were detected, 
although no growth beneath the surfaces were observed for Mo, MoO3, W and WO3 coatings.   
 
6.6 Inhibition of metabolic activity  
 
The nitrotetrazolium blue chloride (NBT) assay was used to evaluate whether the dopant 
metals (Mo, W and Nb) were sufficiently active in the TiO2 coating to inactivate bacteria on 
the surface of coating. Tetrazolium redox dye scavenges electrons from microbial 
oxidation/reduction reactions and is intracellulary reduced to brightly chromogenic or 
fluorescent formazan precipitates by the electron transport system components or 
dehydrogenases in metabolically active cells [176].    
The viability of bacteria, applied as a suspension and dried on a surface, may be determined 
directly by colony counts after overlaying the surface with TSA agar and allowing an 
appropriate incubation period in the dark. If the cells are killed by contact with Mo, W or Nb 
(dark), then they would not grow when subsequently exposed to TSA agar. Colonies were 
only apparent on TiO2-Nb 0.25 at.% and  TiO2-W 3.8 at % thin film coatings. No colonies 
were observed on TiO2-Mo 7 at. % and TiO2-W 10 at % coatings. These results are in 
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agreement with findings from the antibacterial photocatalytic assays that showed the Mo and 
the higher concentration of W metal have innate antibacterial properties, whilst the Nb does 
not (Figure 6.18).                                                             
                                                                    
                                                      
  
Figure  6.18: Colonies stained with NBT on stainless steel coatings to test antibacterial effect 
of dopant metals a and b) stainless steel (control) c) TiO2-Mo 7 at.% d) TiO2-W 3.8 at.%  and  
e) TiO2-Nb 0.25 at.% f) TiO2-W 10 at.% .  
 
 
a) b) 
c) d) 
e) f) 
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6.7 Minimum inhibitory concentration (MIC) 
 
Minimum inhibitory concentrations (MICs) of Mo, Nb and W ions (dissolved) were 
determined by an agar incorporation method to find the lowest concentration that would give 
no growth of bacteria (Table 6.1). Molybdenum ions inactivated E. coli at a lower 
concentration than tungsten ions and niobium ions. Bacterial growth was seen on all of the 
dilutions of the acid that had been used on diluent, indicating that the low percentage of acid 
present in the salt suspensions did not interfere with growth of E. coli. Metal ions are thought 
to exert their antimicrobial effects through a variety of mechanisms. They either accumulate 
on cell membranes, the permeability of which may become compromised rendering the cell 
unable to regulate transport through it, hence the leaking of intracellular components, and 
eventually causing cell death, or may penetrate membranes and accumulate intracellularly, 
where they may exert an effect on nucleic acid [177].      
The concentration of Mo ions which was released from coatings during ICP-AES was 0.73 
ppm (0.73 mg/L) during the first 48 hours which decreased to 0.04 ppm after 7 days (Chapter 
7). The ion concentration released was too low to cause inhibition, which explains the results 
from the zone of inhibition test.  
 
Table 6.1: MIC results for selected transition metal ions (dissolved) demonstrating the 
minimum concentration of ions required to inactivate the bacteria. 
Strain Tungsten (W) Molybdenum (Mo) Niobium (Nb) 
E. coli 3-4 mg/L 2-3 mg/L 12-14 mg/L 
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6.8 Discussion 
 
The antimicrobial properties of titanium dioxide (TiO2) doped with different transition metals 
(Mo, Nb and W) and untreated stainless steel AISI 304 2B were measured against E. coli for 
various contact times in the absence and presence of fluorescent light. On stainless steel (SS) 
under either light or absence of light, there was a slight decrease in the number of viable cells 
(p > 0.05) on the surface after 6, 8, 12, 24 and 48 hours. This reduced survival is not 
unexpected under such conditions.  The antimicrobial activity demonstrated by the TiO2-Mo 
(7 at.%) surfaces was also investigated against microorganisms isolated from brewery 
surfaces that included  Pseudomonas rhodesiae , Serratia marcescens, and Wickerhamomyces 
anomalus. The results are presented in Appendix C [175].  
6.8.1 TiO2-Mo 7 at. % 
 
TiO2-Mo 7 at. % inactivated the bacteria after 24 hours of incubation in both light and dark, 
which indicated a dual functionality of molybdenum doped sample, being photocatalytically 
active in the light and antimicrobial in the dark. Mo had a direct role in promoting increased 
bacterial kill under fluorescent light irradiation. There was a 7 log reduction over 24 hours in 
comparison to undoped titania coatings (3 logs over 24 hours). The results from methylene 
blue degradation assay also showed a high photocatalytic activity of Mo-doped TiO2 coating. 
Thus, the presence of Mo enhances the photo-killing effect, and also makes the surface 
innately antimicrobial [178].   
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6.8.2 TiO2-Nb 0.25 at. % 
 
The 0.25 at.% niobium doped sample inactivated the bacteria (7 log reduction) after only 48 
hours of illumination which demonstrates its photo-killing activity under fluorescent light, 
this activity was much higher than TiO2 alone (4 log reduction over 48 h). However, no 
antimicrobial activity was observed when the TiO2-Nb 0.25 at% coated substrate was 
incubated with inoculum in the dark for 48 hours, which indicates that TiO2-Nb 0.25 at% has 
no innate toxic effect on bacterial cells [179]. 
6.8.3 TiO2-W 3.8 at. %  and 10 at.% 
 
Two different tungsten concentrations were used to dope the TiO2, as highest level of W and 
WO3 showed antimicrobial activity in the dark pointing to W and WO3 possessing inherent 
antimicrobial activity.  The W-doped TiO2 (3.8 at.%) coating showed no antimicrobial effect 
in the dark, but an innate antimicrobial effect was observed with TiO2-W (10 at.%) coating in 
the dark. Both concentrations enhanced photo-killing in contrast to undoped TiO2 and 
uncoated stainless steel. There was also an enhancement in photo-killing as the concentration 
of W increased. At higher concentrations of W, the Raman peaks for WO3 were observed at 
968 cm
-1 
and 273 cm
-1 
which is assigned to tungsten oxide species on the surface of the 
coatings (Chapter 5). The enhancement in antimicrobial activity for TiO2-W (10 at.%) 
coating could be due to more WO3 being available on the surface [180]. 
The photo-killing activity can be explained by the formation of hydroxyl radical and reactive 
oxygen species (ROS) at the surface. The passage of hydroxyl radicals towards the 
cytoplasmic membrane of E. coli is significantly hindered by the morphology of the cell 
envelope which differs between Gram positive and negative bacteria [35, 39]. In Gram 
negative bacteria, such as E. coli, the cytoplasmic membrane is protected by a thin layer of 
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peptidoglycan, followed by an outer membrane. The outer membrane presents a significant 
barrier to hydroxyl radical passage since it comprises a complex layer of lipids, 
lipopolysaccharides and proteins [35]. The outer membrane layer presents an attractive target 
for approaching hydroxyl radicals because of this composition. Although the outer membrane 
is semi-permeable, many of the hydroxyl radicals will react with the lipid constituents of the 
membrane rather than pass through it [32]. Once the membrane is breached, there are no 
further significant obstacles blocking the approach of radicals to disrupt the cytoplasmic 
membrane and cell death can be observed [31]. This interpretation is supported by study of 
the photo-killing of E. coli by TiO2 thin films, where the bactericidal action was found to be a 
two-step process in which the outer membrane is compromised first, followed by cytoplasmic 
membrane [30]. However, the recent study by Kubacka et al. [181] showed that antimicrobial 
mechanisms of TiO2 photocatalysis exhibit; i) rapid cell inactivation at the regulatory and 
signalling levels, ii) a strong decrease of the coenzyme-independent respiratory chains, iii) a 
lower ability to integrate and transport iron and phosphorous and iv) a lower capacity for the 
biosynthesis and degradation of heme (Fe-S cluster) groups. These activities, together with 
the extensive cell wall modifications, are the main factors that explain the high biocidal 
performance of TiO2-based nanomaterials. 
6.8.4 Antimicrobial activity of transition metals and their oxides    
 
The antimicrobial principle of transition metals and their oxides (Mo, MoO3, W and, WO3) 
can be related to acidic surface reaction as release of hydroxynium ions [178].  
 
MoO3 + H2O ⇌ H2MoO4                                                                                                (6.2) 
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H2MoO4 + 2H2O ⇌ 2H3O+ + MoO2- 4                                                                    (6.3) 
WO3 +H2O  ⇌  H2WO4                                                                                                      (6.4) 
H2WO4 +2H2O ⇌  2H3O+ + WO4 2-                                                                           (6.5) 
According to the above Reactions (6.2), (6.3), (6.4) and (6.5): 
First molybdic acid is formed when the surface is in contact with water. Hydroxynium ions 
(H3O
+
) will be released from molybdic acid and also molybdate ions (MoO
2-
4) will be formed 
once the molybdic acid mixes with water (Reactions 6.2 and 6.3). Tungstic acid will be 
formed in the presence of water. Further reaction with water would lead to the formation of 
H3O
+ 
and tungstate ions (WO4 
2-
)
 
(Reactions 6.4, 6.5). In the equilibrium state, the molybdates 
and tungstates will be transformed into molybdic acid and tungstic acid [178, 182]. Acids 
generally inhibit molecular reactions essential to the microorganisms by increasing the 
hydrogen ion concentration, which results in a decrease in internal pH. This fall in internal 
pH is a major cause of growth inhibition by weak acids [183].    
The formation of acid on the coated surface would inhibit bacterial growth [182, 184] at a pH 
values 3.5 - 4. Many Gram negative bacteria such as E. coli  are killed at pH values of 5.5 and 
below [185]. The acid activity refers to the diffusion of H3O
+
 ions through the cell 
membranes [184, 186]. This results in distortion of the enzyme and transport systems of the 
bacteria [187]. There is also a disruption of the DNA helix [188]. It has been reported that 
MoO3 interacted with E. coli which resulted in cell wall damage/disruption further leading to 
release of β-D-galactosidase and thus mediated cell death [186]. The W metal and WO3 
coatings also showed a bactericidal effect [189]. The Nb metal and Nb2O5 did not show any 
antimicrobial effect. No reduction in number of bacteria was observed after 48 hours of 
Chapter 6 
 
 
152 
 
incubation under light and dark conditions. These observations are in agreement with Gao et 
al.[190]. However, further work is required to explore the relationship between coatings and 
pH of the surrounding environment.  
6.8.5 Re-use of TiO2-Mo (7 at.%) surface and cleaning assays  
 
The TiO2 - Mo 7 at.%  coated surface retained activity after one use in vitro. Two cleaning 
solutions were used to clean the surfaces immediately after an antimicrobial assay; Oxofoam 
solution, and laboratory cleaning regime acetone, methanol, ethanol (AME). Both oxofoam 
and AME treatments effectively cleaned these lightly soiled surfaces, and these cleaned 
surfaces were able to inactivate bacteria after 24 hours. In vivo, repeated cleaning of lightly 
soiled surfaces carried out. It would be interesting to carry out repeated soil and cleaning 
cycle on these surfaces. 
Surfaces, which had been used and not cleaned and left dry in the dark for one year before 
cleaning did not show any antimicrobial activity. The cleaning protocol used was not 
effective in this unlikely scenario. Clearly, appropriate regular cleaning regime needs to be in 
place in order to retain photocatalytic surface.   
6.8.6 Effect of beer soil on antimicrobial activity of TiO2-Mo 7 at.% 
 
In the dispensing and bottling section of a brewery, it is common for process surfaces to 
become covered by a conditioning film formed via the adsorption of various organic 
materials from the spilt beer [191]. The antimicrobial efficacy of the TiO2-Mo 7 at.% surface 
was also examined following the deposition of soil in the form of undiluted beer on the 
surface. There was no decrease in cell numbers following exposure to fluorescent light for 48 
hours. It would therefore appear that the presence of soil had a significant impact on the 
antimicrobial effectiveness of the photocatalytic surface compared to without soil. With the 
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contaminating population remaining viable, it is likely that the soil was acting as a nutrient 
source and masking the photocatalytic effects of TiO2-Mo 7 at.%. 
The contamination of surfaces with heavy soil does, however, present an unlikely exposure 
scenario.The application of dilute beer to the surface more closely mimics real brewery 
dispensing and bottling processes since automated rinsing with jets of water would dilute any 
spillage of product. Dilute beer applied to the TiO2 - Mo 7 at.% surface did not reduce the 
antimicrobial effect and a 6-log reduction of E. coli was observed.  
Ahmed et al. [192], examined the photocatalytic degradation of human serum albumin (HSA) 
on TiO2 and TiO2 - Ag films by immersing the surfaces in 0.5% w/v HSA in distilled water 
for 30 minutes. Raman spectroscopy indicated changes in protein conformation, consistent 
with denaturation and enhanced binding and oxidation, these were thought to be induced via 
a photocatalytic mechanism. A comparable phenomenon might be occurring with the dilute 
beer in contact with TiO2-Mo 7 at.% surface, as opposed to the heavier soils. 
6.8.7 Zone of inhibition, metabolic activity and MIC assays  
 
No zones of inhibition were detected from TiO2-Mo 7 at.% and TiO2 - W 10 at.% coatings, 
presumably because the concentration of these ions released from the coating was too low to 
inhibit bacterial growth. Mo, MoO3, W, WO3, Nb and Nb2O5 coatings were also tested and no 
zones of inhibition were detected. The NBT assays also confirmed the innate antibacterial 
activity of TiO2-Mo 7 at.% and TiO2-W 10 at.% coatings. However, viable cells remained on 
the TiO2-Nb 0.25 at.%  and TiO2-  
W 3.8 at.% coatings and stainless steel, confirming their lack of antimicrobial properties. The 
MIC results also showed that Mo and W metal ions inactivated E. coli at lower concentration 
in comparison to Nb metal ion. Yasuyuki et al. [193] investigated the antimicrobial effect of 
nine pure metals on E. coli and S. aureus. The results confirmed the antibacterial properties 
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of molybdenum. Several authors also confirmed the antimicrobial activity of W and Nb ions 
[189, 194].  
 
6.9 Conclusion 
 
This chapter describes investigations into the antimicrobial effect of a) doped TiO2 coatings 
combined with different transition metals, b) coatings of transition metals and their oxides. 
TiO2-Mo 7 at.%  and TiO2-W 10 at.% coatings had an antimicrobial activity after 24 h light 
irradiation and incubation in the dark. TiO2-W 3.8 at.% and TiO2-Nb 0.25 at.% , showed no 
antibacterial activity in the dark, and bacteria were only killed on the surfaces in presence of 
fluorescent light, showing a photo-killing activity. The higher inactivation rate of Mo-doped 
TiO2 coating was expected as they had shown higher photocatalytic activity than Nb- and W-
doped TiO2 coatings. Transition metals and their oxides coatings were also used in order to 
assess the effect of dopant metal/metal oxide on bacteria inactivation. The WO3 coating had 
greater antibacterial activity in comparison to W metal coating. Both Mo and MoO3 coatings 
inactivated E. coli after 12 hours incubation. The Nb and Nb2O5 coatings did not show any 
antimicrobial effect in the presence and absence of light. The results were confirmed by MIC 
assays of their ions, with the W and Mo ions having higher antibacterial activity than Nb ion. 
No zones of inhibition were detected for Mo- and W-doped titania coatings, indicating 
no/low release of ions from the surface. However, the NBT results confirmed the innate 
antibacterial activity of Mo and W demonstrated by contact between cell and surface. The 
photocatalytic and antimicrobial nature of the TiO2-Mo 7 at.% surface significantly reduced 
microbial numbers even with the application of a dilute brewery soil (beer). This work has 
provided useful information regarding the potential of TiO2 doped materials for food or 
beverage processing applications. There are some limitations for the use of these coatings, 
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since appropriate light sources should be available in industry to maximise the activity of 
these surfaces. Also more work needs to be done to identify robust cleaning and disinfection 
regimes. It has been confirmed that all the doped photocatalytic surfaces possess 
antimicrobial activity when irradiated with fluorescent light. Surfaces which additionally 
possessed innate antimicrobial activity might be better suited to enviromental applications to 
avoid contamination of food. These applications might include hard to reach industrial areas 
where contact with the food and beverage product is unlikely. 
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Chapter 7: Chemical and Mechanical Durability of TiO2 and Molybdenum 
Doped TiO2 coatings  
 
7.1 Introduction 
 
As discussed in earlier chapters, one way to reduce cleaning costs and to improve process 
hygiene could be to use self-cleaning and antimicrobial coatings, that can prevent the 
attachment of microorganisms and soil, or facilitate their efficient removal during the 
cleaning process. 
As the surfaces used in the food and beverage industries are exposed to adverse environments 
(contact with water and beverages, cleaning solutions, abrasive wear during cleaning), scratch 
and corrosion resistance play important roles in their mechanical durability and chemical 
stability. Hence, an effective coating must satisfy several requirements, including good 
adhesion to the substrate, the retention of high activity and resistance to chemicals. 
The adhesion of any film to its substrate is one of the most important properties of a thin film. 
The level of adhesion depends on the force required to separate atoms or molecules at the 
interface between film and the substrate. The adhesion of a film to the substrate is strongly 
dependent on the chemical nature, cleanliness, and microscopic topography of the substrate 
surface [122].  
The presence of contaminants on the substrate surface may increase or decrease the adhesion 
depending on whether the adsorption energy is increased or decreased, respectively. Also the 
adhesion of a film can be improved by providing more nucleation sites on the substrate, for 
instance, by using a fine-grained substrate or a substrate pre-coated with suitable materials. 
Of the deposition processes available, magnetron sputtering has been shown to produce well- 
adhered and uniform coatings over wide areas [195]. In this process, the adhesion of the film 
to the substrate can be improved by ion-cleaning of the substrate prior to the coating 
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deposition as well as additional ion bombardment during coating deposition which improves 
adhesion by providing intermixing on an atomic scale [196]. Use of an interlayer of titanium 
metal would also improve the adhesion between the film and substrate.  
In this work, the most effective coating was found to be (TiO2-Mo 7 at. %), as it had the 
highest photocatalytic activity in comparison to the other dopants investigated. This and a 
pure TiO2 coating (control) were placed in three different Finnish breweries: A, B, and C 
(Figure 7.1) at sites in the production process that are important in terms of maintaining good 
environmental hygiene, that is bottle filling and canning lines. The product line in brewery A 
was soft drinks and water and in brewery B and C was beer (Figure 7.1). These challenging 
environments will test key properties of the coatings: the retention of photocatalytic activity 
over time and use, good adhesion to the substrate, and resistance to chemical cleaning 
treatments. 
This chapter describes investigation of the chemical and mechanical durability of the selected 
coatings, the retention of photocatalytic activity and contact angle measurement of the initial 
coatings (TiO2, and TiO2-Mo 7 at.%,) the data obtained should serve as an indicator of 
photocatalytic activity after they had been placed in different brewery process environments 
(bottle filling lines in three Finnish breweries) over a 12 month period.  
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Figure 7.1: Process studies of photocatalytic coatings. Photocatalytic sample coupons were 
placed a) on the filler table, b) bottle line filler wheel support, and c) in the canning line at 
different Finnish breweries. 
 
 
 
 
 
 
Sample 
coupons 
a) b) 
c) 
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7.2 Chemical durability of TiO2 and TiO2–Mo (7 at.%) coatings  
 
As a preliminary study, different chemical solutions (0.02 M HCl, 0.02 M NaOH, ethanol and 
water) were used to assess the chemical durability of annealed TiO2 and TiO2-Mo (7 at.%) 
coatings. These agents were selected on the basis of presenting neutral, alkali, acid and 
alcohol to the surfaces, thus representing the different types of cleaning and disinfection 
agents that might be encountered in-situ. The preliminary experiments with 2 M NaOH and 2 
M HCl suggested that the stainless steel itself was attacked by the acid. Therefore, 0.02 M 
HCl (pH 1.7) and NaOH (pH 12.3) aqueous solutions were chosen on the basis of stainless 
steel corrosion resistance. The pH values of the 0.02 M reagents are more representative of 
the conditions which may be encountered during the brewery trial [148, 197] (Section 
4.2.12). The samples were placed in these solutions for two hours at room temperature.  
 
A representative image of a TiO2-Mo (7 at.%) surface is shown in Figure 7.2. The image 
shows the two sections of the substrate, coated and uncoated part.  The uncoated part was 
covered with Kapton tape during coating, and the tape was removed for immersion studies. 
The coating thickness was calculated from the step height of the cross section between these 
two areas. The surface roughness (Ra (2D average roughness), and Sa (3D average roughness) 
were also measured using WLl. As has already been noted, the Ra is a 2-dimensional 
measurement of the average departure of the surface profile from a mean centre line and is 
used as a descriptor of surface roughness. The Sa value, which is taken across an area of the 
surface along several lines to enable an indication of roughness over a specified area, rather 
than a line profile.  
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No significant changes were observed in surface thickness (800 nm - 1.10 μm) of the coated 
part after exposure to different chemicals for doped and undoped titania samples (P > 0.05)  
(Figures 7.3 and 7.6).   
                                
Figure 7.2:  White light interferometry image of TiO2–Mo (7 at.%), example of thickness 
calculation by levelled cross section. The left hand side is the coated part and right hand side 
is the uncoated part. 
 
7.2.1 Chemical durability of TiO2 
 
No significant changes were observed in surface thickness and roughness Ra or Sa values 
before and after exposure to the selected chemicals (P > 0.05) (Figures 7.3 and 7.4). There is 
no significant difference in Sa (3D average roughness) value (p > 0.05) for pure titania 
coatings (Figure 7.5). These results demonstrated that surface roughness did not change after 
immersion in the chemical solutions. The Ra value of less than 0.8 µm is generally accepted 
as indicative of a hygienic surface. All surfaces had Ra values well below this level. 
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Figure 7.3: Thickness measurement of TiO2 before and after chemical durability test.  
 
Figure 7.4: Ra values of TiO2 before and after chemical durability test demonstrating surface 
roughness.  
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Figure 7.5: Sa values of TiO2 before and after chemical durability test demonstrating surface 
roughness. 
7.2.2 Chemical durability of TiO2 -Mo 7 at.% 
 
No significant changes were observed in surface thickness and roughness (Ra) for TiO2-Mo 7 
at.% (p > 0.05) after exposure to acidic, basic, neutral and alcohol environments (Figures 7.6, 
and 7.7). There was a slight reduction in Sa for 0.02 M NaOH (p > 0.05) (Figure 7.8), 
indicating that 0.02 M NaOH solution etched the coating more than other solutions. EDX 
analysis confirmed that the composition of the coatings did not change significantly after 
immersion in water, ethanol, acidic and basic solutions (Table 7.1).   
Table 7.1: EDX results after immersion of TiO2-Mo 7 at.% in different chemical solutions. 
Chemical treatments Dopant content, at.% 
Water 7 ± 0.05 
0.02 HCL 6.85 ± 0.05 
0.02 M NaOH 6.8 ± 0.05 
Ethanol 6.95 ± 0.05 
 
 
0.10
0.15
0.20
0.25
0.30
0.35
0.40
untreated TiO₂  Water HCl NaOH ethanol
S
a 
(µ
m
) 
Chapter 7 
 
 
163 
 
 
Figure 7.6: Thickness measurement of TiO2-Mo (7 at.%) before and after chemical durability 
test.  
 
Figure 7.7: Ra values of TiO2-Mo (7 at.%) before and after chemical durability test 
demonstrating surface roughness.  
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Figure 7.8: Sa values of TiO2-Mo (7 at.%) before and after chemical durability test 
demonstrating surface roughness.  
 
7.2.3 Photocatalytic activity after Chemical durability testing of TiO2 and TiO2-
Mo (7 at.%) 
 
The photocatalytic activity of the coatings selected for the chemical durability tests was 
measured by the methylene blue degradation test (Section 4.2.9) after the samples had been 
placed in 0.02 M HCl, 0.02 M NaOH, water and ethanol for two hours and rinsed with 
distilled water (Figures 7.9-7.10) and results were compared to those from reference samples. 
There was no significant change in photocatalytic activity of pure titania after immersion in 
ethanol, neutral and acidic solutions (p > 0.05) under UV and fluorescent light irradiation, but 
there was a slight reduction in photocatalytic activity for surfaces immersed in  0.02 M NaOH 
solutions under both irradiation conditions (p < 0.05) (Figure 7.9). The reduction in 
photocatalytic activity of pure titania coatings can be explained by adsorption of sodium onto 
0.10
0.15
0.20
0.25
0.30
0.35
0.40
untreated TiO₂-Mo Water HCl NaOH ethanol
S
a 
(µ
m
) 
Chapter 7 
 
 
165 
 
the coatings. It is well known that sodium has detrimental effect on photocatalytic activity 
[198].  
For TiO2-Mo 7 at. %, there was a significant reduction in photoactivity for both acidic and 
basic solutions under UV and fluorescent light illumination (p < 0.05) (Figure 7.10).   
A reduction in surface roughness was observed after treatment with NaOH (base) for this 
coating, which suggests that the coating was etched. This might be expected, as a decrease in 
roughness value implies a decrease in surface area of the coating in contact with methylene 
blue solution which results in reduction in photocatalytic activity. However, there was no 
reduction in surface roughness for samples immersed in HCl solution which indicating that 
surfaces roughness cannot alone account for this 20% reduction in photocatalytic activity. 
There was no a significant reduction in Mo content after immersion in HCl and NaOH 
solutions (results recorded were 0.1 at.% and 0.15 at.%, respectively). One of the other 
reasons that may explain the reduction in photocatalytic activity is that after immersion of 
this coating in acidic (HCl) solution, there is a possibility of diffusion of chloride ion into the 
coatings which resulted in decreasing the photocatalytic activity. However, more chemical 
analysis of the surface is required to be absolutely sure of the equalities of this effect.  
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Figure 7.9: Photocatalytic activity of TiO2 coating after being immersed in 0.02 M HCl, 0.02 
M NaOH, water and ethanol. 
 
Figure 7.10: Photocatalytic activity of TiO2-Mo (7 at.%) coating after being immersed in 0.02 
M HCl, 0.02 M NaOH, water and ethanol. 
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7.3 Mechanical durability of TiO2-Mo (7 at.%) and TiO2 surfaces before 
the brewery trials 
 
The TiO2-Mo 7 at.% coating had been selected on the basis of photocatalytic and 
antimicrobial performance (Chapters 5 and 6). These surfaces along with TiO2 control 
surfaces were placed in different brewery environments over a 12 month period. After 3, 10, 
and 12 months two coupons were removed for measurement of photocatalytic activity by 
methylene blue degradation, contact angle measurement and scratch adhesion test to assess 
how robust the coatings are.  
Laboratory mechanical tests were done by scratching the coating surfaces using a finger nail, 
pencils with hardness of 2B and HB, a steel scalpel and a diamond tip. The pencil test was 
carried out according to ASTM D3363 (Standard test method for film hardness by pencil 
test). The tape test was based on standard ASTM D3359 (Standard test methods for 
measuring adhesion by tape test), using Scotch 3M invisible tape. The finger nail, pencil and 
tape tests did not cause any visible changes to the surface coatings. The scalpel test was 
performed by cutting the coating surface with a steel scalpel. The scalpel cut into both 
surfaces, as did the diamond tip.  
The scratch adhesion tests were conducted using a Teer ST3001 scratch & wear tester. The 
coated surfaces were evaluated using a Rockwell diamond tip (radius 200 µm). In the scratch 
test a diamond stylus is drawn across the coated surface under an increasing load until some 
failure occurs due to detachment of the coating (Section 4.2.10).  
The results of scratch adhesion tests performed on TiO2, and TiO2-Mo (7 at. %) coatings 
before the process trial showed no cracking or flaking around the scratch tracks (Figure 7.11). 
The images show the end of the scratch tracks, which is the high load end- i.e. these coatings 
show the scratch track at a maximum load of 40 N. Damage is inevitable but the disturbed 
coating shows good cohesion to the substrate. 
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Given the destructive nature of the scratch test and the high load levels used in this test, all 
coatings were deemed to show sufficient mechanical resistance for use on food and drinks 
processing surfaces in this trial. Further development and research would be necessary for 
further improvement in the quality of the coating. 
                                                    
            
Figure 7.11: SEM image of the scratch test tracks for a) TiO2, b) TiO2-Mo (7 at.%) after 
scratch testing showing no flaking next to the scratch track. 
 
7.4 Mechanical durability of brewery exposed surfaces  
 
Visual inspection of the coatings before and after the three month process trial showed that 
all the coatings were physically present, though in some cases colour changes were apparent 
(Figure 7.12), indicating some of the surfaces were soiled or worn. The scratch test results 
from reference samples (TiO2-Mo (7 at. %) and TiO2) which were placed in the dark 
(wrapped in aluminium foil and kept at room temperature) for three months showed some 
flaking around the edge of the scratch tracks in comparison to pre-brewery samples. Initially, 
this was unexpected, as they should show the same mechanical properties as pre-brewery 
samples. There is a possibility of decomposition of coating in the dark over time. Further 
investigation of this aspect is required to reveal the underlying problems. The flaking was 
a) b) 
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less for the TiO2-Mo (7 at.%) coating which indicates better adhesion of the coating to the 
substrate in contrast to pure TiO2 (Figures 7.13, and 7.14).   
The scratch test results for the samples which had been placed in three different brewery 
environments for three months are shown in Figures 7.15-7.23. Some of the coatings show 
flaking, which in most cases was confined to the area immediately next to the scratch track.  
Thus the exposure conditions in the breweries seemed to have affected the coatings. 
However, only one or two replicates were available at any time and batch variability and 
brewery treatments are likely to affect results, so few conclusions can be drawn. Surfaces 
from brewery B and C were more disrupted than those from brewery A. Some surfaces show 
flaking near to the scratch tracks, but for other surfaces flaking is more widespread. This 
could be due to heat treatment and the different unspecified methods used for cleaning the 
surfaces at the different breweries. 
TiO2-Mo (7 at.%) was appeared to be  better adhered to the substrate than pure TiO2 (Figure 
7.15-7.23) after 3, 10 and 12 months, since more flaking was observed in the TiO2 samples.  
 
 
Figure 7.12: Images of coupons after the 3 month brewery trial. U1 = TiO2, U2 = TiO2-Mo (7 
at.%). Control coupons (13 &14), Brewery A (1 & 2), Brewery B (5 & 6) and Brewery C (9 
& 10 ). 
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Figure 7.13: SEM image of scratch test tracks a) TiO2 following annealing at 600 °C prior to 
brewery trial b) TiO2 following annealing at 600 °C samples after storage in the dark for 3 
months (reference samples) demonstrating a more widespread flaking.  
                                                                      
  
Figure 7.14: SEM image of scratch test tracks a) TiO2 - Mo (7 at.%) following annealing at 
600 °C prior to brewery trial, b) TiO2-Mo (7 at.%) sample following annealing at 600 °C after 
storage in the dark for 3 months (reference samples) demonstrating slight flaking next to the 
scratch track. 
  
Flaking  
a) b) 
a) b) 
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Figure 7.15: Scratch test of TiO2 coating after use in brewery A for three months, 
demonstrating a more widespread flaking.   
 
                                       
Figure 7.16: Scratch test of TiO2-Mo (7 at.%) coating after use in brewery A for three, 
months demonstrating a more widespread flaking. 
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Figure 7.17: Scratch test of TiO2 coating after use in brewery B for three months, 
demonstrating a more widespread flaking.  
                                              
 
Figure 7.18: Scratch test of TiO2-Mo (7 at.%) coating after use in brewery B for three months, 
demonstrating a more widespread flaking. 
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Figure 7.19: Scratch test of TiO2 coating after use in brewery C for three months, 
demonstrating a more widespread flaking.  
                                              
Figure 7.20: Scratch test of TiO2 coating after use in brewery C for ten months, 
demonstrating a more widespread flaking.  
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Figure 7.21: Scratch test of TiO2-Mo (7 at.%) coating after use in brewery C for ten months, 
demonstrating some flaking. 
                                              
Figure 7.22: Scratch test of TiO2 coating after use in brewery A for one year, demonstrating a 
widespread flaking.  
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Figure 7.23: Scratch test of TiO2-Mo (7 at.%) coating after use in brewery A for one year, 
demonstrating some flaking. 
 
7.5 Photocatalytic activity of TiO2-Mo (7 at.%) and TiO2 after 3, 10 and 12 
months installation in different breweries  
 
The photocatalytic activities of brewery exposed coatings were monitored by their ability to 
degrade methylene blue (MB) dye under UV and fluorescent light irradiation (Section 4.2.9). 
The samples were cleaned with isopropanol (wiping) then with water prior to the MB 
degradation test.  
Comparison of the photocatalytic properties of TiO2 and TiO2-Mo (7 at.%) showed that the 
addition of Mo to the heat-treated TiO2 surface increased its photocatalytic activity under UV 
and fluorescent light and this remained the case following the process studies (Chapter 5). 
A loss of activity for TiO2 and TiO2-Mo (7 at.%) coatings under UV and fluorescent light 
over time during the brewery trial was seen to varying degrees (Figures 7.24-7.26). However, 
some of the samples in brewery C had lost most of their activity; this might be due to damage 
to the coatings as observed via scratch testing, and the effect of cleaning solution, e.g. 
chemicals and scrubbing methods used in the different breweries, with some conditions (e.g. 
location, exposure, time since rinse and chemical regime) overcoming the chemical and 
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mechanical resistance of the coating. There was limited light available for some of the 
samples, which could also affect the photoactivity of the coatings. Separate light sources 
were not installed alongside the surfaces, so any activity in-situ would rely on irradiation by 
natural light. In this study the light intensity in the process condition was low, around 0.5 µW 
cm
-2
 for UV light and 34 µW cm
-2 
for visible light. The controls also lost activity following 
three months storage in the dark compared to the as deposited samples (UV light) (Figures 
7.24-7.26).    
Overall, more samples with better monitoring of process conditions should assist in 
interpretation of the in-use potential of these surfaces. Variability in results between 
breweries was as follows: In breweries A and B, the TiO2-Mo (7 at.%) coating was more 
active than pure TiO2 under UV and fluorescent light. Overall, the TiO2 and TiO2-Mo (7 
at.%) coatings lost some of their photoactivity (40-50%) after being placed in the breweries 
for 10 to 12 months (Figures 7.24, and 7.26). The TiO2 coatings were more photoactive than 
TiO2-Mo (7 at.%) coating after ten months in use in the brewery C. The TiO2 - Mo (7 at.%) 
coating showed higher photoactivity under UV light irradiation than TiO2 coatings after being 
used for one year in brewery A.  
Reduction in photoactivity may also be explained by the presence of soiling on the surface 
(Figure 7.27) (Section 4.3.5.3). The organic or inorganic materials present on the surface may 
interfere with photocatalytic activity. It has been reported, that photocatalysts are not 
especially useful at breaking down heavy contamination, but they are capable of destroying it 
as it accumulates [7], so, the existence of contaminating material on some part of the coatings 
coupled with the general environmental stresses will reduce photocatalytic activity. 
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Figure 7.24: Photoactivity of TiO2 and TiO2-Mo (7 at.%) coatings after being placed at the 
brewery A for 3 and 12 months (filler table) demonstrating TiO2-Mo (7 at.%) coatings were 
more photoactive than pure TiO2. 
 
 
Figure 7.25: Photoactivity of TiO2 and TiO2-Mo (7 at.%) coatings after being placed at the 
brewery B for three months (filler table of the canning machine) demonstrating TiO2-Mo (7 
at.%) coatings were more photoactive than pure TiO2.  
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Figure 7.26: Photoactivity of TiO2 and TiO2-Mo (7 at.%) coatings after being placed at the 
brewery C for 3 and 10 months (canning machine) demonstrating pure TiO2 coatings were 
more photoactive than TiO2-Mo (7 at.%) after 10 months installation.  
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Figure 7.27: Epifluorescent microscopy image of acridine orange staining of TiO2-Mo (7 
at.%) b) TiO2 coating after being removed from brewery C after 10 months demonstrating the 
likely present of bacteria and yeast on the surface. 
7.6 Retention of Mo in coating after 3, 10 and 12 months detected via by 
energy dispersive X-ray (EDX) and ICP-AES analysis of the samples  
 
The EDX results showed that the amount of Mo ions lost from the surface was less than 0.5 
at. % after 3, 10, and 12 months, indicating a stable structure (Table 7.2). The Inductively 
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis of Mo ion release from 
new coatings further confirmed the EDX results, in that Mo was generally well retained 
(Figure 7.28). Results show an initial burst of Mo ions release (0.73 ppm) over the first 2 
hours followed by steady low level release. The low concentration of Mo ions (<0.04 ppm) 
being released following the initial 48 hours, suggests that the bulk of Mo is retained in the 
film and is not readily leachable. This is important in terms of retaining activity but 
minimising contamination of any product or environments with Mo. ICEP-AES is a more 
challenging test for assessing leaching than would be encountered in-situ, due to constant 
immersion in liquid.  
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Table 7.2: Energy dispersive X-ray (EDX) results after brewery trial, showing the Mo content 
(at. %).  
Sample Mo at.% Mo at.% 
TiO₂-Mo (after three months in dark) 6.9 6.85 
TiO₂-Mo (after three months) 6.95 6.85 
TiO₂-Mo (after ten months in brewery C) 6.5 6.8 
TiO₂-Mo (after one year in brewery A) 6.5 6.83 
  
 
Figure 7.28: Molybdenum ion release determined by Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES) over 168 hour.  
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7.7 Water contact angle measurements of TiO2-Mo and TiO2 coatings after 
brewery trials 
 
Water contact angles were firstly measured for the coupons immediately on unpacking 
(dark), and then after 20 hours irradiation. It was noticeable that many of the coupons were 
heavily soiled so a portion of each sample was cleaned by wiping with 2-propanol dispensed 
onto a soft cloth, and then with water. Contact angles were re-measured after 20 hours under 
UVA light, and again after 6 - 7 days in the dark. TiO2-Mo (7 at.%) surfaces had lower water 
contact angle values in comparison to pure TiO2 and hence were more hydrophilic 
(Figure7.29). For the control samples which were stored in the dark, after light illumination 
the water contact angle was reduced (i.e. surfaces became more hydrophilic). Low contact 
angles usually associated with photo-induced hydrophilicity were not observed, even in the 
cases of control samples. Little difference was noticed between light and dark contact angles. 
Once the samples were cleaned with isopropanol, the value of the water contact angle 
increased. It is difficult to interpret the water contact angle measurements due to the low 
number of replicates and high number of variables (including cleaning methods) because 
residues from the brewery trial may affect water contact angle. The samples with less soil on 
them had lower water contact angle values (brewery A).    
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Figure 7.29: Water contact angle data for samples exposed for 3 months within Breweries A, 
B, C and TiO2 and of TiO2-Mo controls (kept in the dark for 3 months). Data for as received 
surfaces, light exposed surfaces and cleaned light exposed surfaces are included for each 
surface. It is evident that the samples from Brewery A responded more to light exposure than 
those for breweries B and C. 
 
7.8 Discussion  
 
The chemical stability of thin film coatings that might be used in the food and beverage 
industry is an essential parameter. These thin films typically would be exposed to a variety of 
cleaning agents and protocols. Such chemical solutions can accelerate the deterioration of the 
films, change the film physical/chemical properties and thus affect photocatalytic 
performance. In this study, films were treated with 0.02 M HCl, 0.02 M NaOH, ethanol and 
water, and changes in surface roughness and thickness were assessed. There was no change in 
thickness of TiO2, and TiO2-Mo samples and no chemical damage was observed. There was 
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no significant reduction in Ra (roughness) value for most of the coatings immersed in natural, 
basic, acidic and alcoholic solution. However, the Sa values of TiO2-Mo coatings were 
slightly reduced in basic solution. These findings alone could not explain the decrease in 
photocatalytic activity under UV and fluorescent light illumination. One of the reasons which 
might explain the reduction of photocatalytic activity after surfaces being treated with HCl 
and NaOH could be the diffusion of chloride and sodium ions into the coatings. It has been 
reported by several authors that both sodium and chloride ions have detrimental effect on 
photocatalytic activity [198, 199]. Thus, cleaners containing this type of reagents should be 
avoided for these coatings and new cleaners need to be developed and recommended. 
However, more chemical analysis of the surfaces is required.  
EDX data indicated no loss of Mo from coatings after immersion in water and alcohol, HCL 
and NaOH. Navabpour et al. [200] investigated the chemical resistance of Ag doped titania 
coatings by immersing the coatings in HCl and NaOH solutions. In contrast to our work, they 
found the migration of Ag particles to the surface after immersion in HCl which caused a 
reduction in the silver content of the coatings.  
TiO2, and TiO2-Mo coatings showed good adhesion to substrate prior to brewery trials. TiO2 
and TiO2-Mo were placed into three different Finnish breweries. After brewery use, some of 
the TiO2 and TiO2-Mo (7 at.%) coatings failed on adhesion testing, with flaking evident at the 
edge of scratches. The mechanical durability test performed on samples after the process trial, 
confirmed the visual assessment of coating appearance, as many of the surfaces were heavily 
soiled and worn, especially those exposed at breweries B and C. TiO2 and TiO2-Mo 7 at.% 
coatings showed some flaking, which in most cases was confined to the area immediately 
next to the scratch track. Some of the samples, however, showed a more widespread flaking 
particularly those exposed in brewery C. This may be related to significant stress experienced 
by coatings during the heat treatment (annealing) due to mismatch in thermal expansion 
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coefficients between the coating and the substrate. It has been noted that, not all of the 
annealed coatings were affected. This was considered to be due to variations in the 
environmental conditions (cleaning regime, surface contamination, location, etc.) within the 
breweries. 
 The TiO2 and TiO2-Mo (7 at.%) coatings were placed in canning machines at breweries B 
and C and on a filler table handling water and soft drinks in brewery A. The TiO2 and TiO2-
Mo (7 at.%) lost some of their photocatalytic activity after being placed in breweries for up to 
12 months. Any loss of photoactivity may be explained by the damaging effect of different 
cleaning protocols e.g. cleaning and disinfection chemicals and physical cleaning methods 
used in the different breweries and the presence of biofouling material on the coated surfaces. 
There was also limited light irradiation available for some of the samples; surfaces were only 
exposed to fluorescent light (only in day time). Fouling could mask surface active sites and 
cause an increase in opacity and light scattering of TiO2 and TiO2-Mo (7 at. %) films, which 
leads to a decrease in light transmission onto the photocatalyst. Epling et al. [201], stated that 
some organic or inorganic chemicals can deactivate or deteriorate the photocatalytic effect of 
TiO2. In addition, even low intensity UV light exposure can make a surface more hydrophilic, 
which may encourage adsorption of organic materials from liquid, thus disturbing the 
photocatalytic activity of the coatings [201]. Thus, the photocatalytic functionality of TiO2 
may have been insufficient due to the nature of the coatings themselves, their location and 
treatment.  
Work by others has shown that canning machines were markedly less prone to accumulation 
of microorganisms than bottling machines [202]. Further, horizontal surfaces are more prone 
to microbial accumulation and should be avoided in constructions as much as possible. 
Furthermore, biofilm formation occurred on certain surfaces despite daily cleaning and 
disinfection [202]. Thus, in these situations deposits formed by reaction processes or 
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microbes usually cannot be wholly removed from stainless steel with water [203]. Cleaning 
agents give varying degree of improvement on the latter. Treatment of  clean test surfaces 
with a hypochlorite-based disinfectant was shown to be effective after an exposure of 10 min 
against all the microbes tested whereas an isopropanol-based cleaning agent was effective 
against all the vegetative cells tested [204]. In the presence of soil, hypochlorite was effective 
against Listeria monocytogenes and Pseudomonas aeruginosa [204]. If surfaces were soiled 
with chemical residue and not cleaned sufficiently, it is possible that this may have an effect 
on photocatalytic activity. Conversely over aggressive cleaners might damage the surface, as 
noted previously (acid and base sensitivity). 
Priha et al. [205] investigated the effect of TiO2 and Ag doped TiO2 on process hygiene in the 
beverage industry over a 15 month period. They prepared coatings using the atomic layer 
deposition (ALD) method. They found that most of the Ag dissolved, and some of TiO2 
coatings were partly damaged. In our work, EDX results indicate that there was little loss of 
Mo ions from the coatings, after 12 month exposure within breweries. The results were 
confirmed by ICP-AES analysis monitoring of Mo ion release into solution after 180 hours. 
The majority of the Mo is retained on the surface and the metal is not readily leachable. This 
indicates a stable surface, with any activity of the Mo retained in the film so, this 
performance is better than that of Ag.     
Hydrophilicity can occur when irradiated TiO2 generates electrons and holes. The electrons 
tend to reduce the Ti (IV) cations to the Ti (III) state, and the holes oxidize the O2
-
 anions. In 
the process, oxygen atoms are ejected, creating oxygen vacancies. Water molecules can then 
occupy these oxygen vacancies, producing adsorbed OH groups, which tend to make the 
surface hydrophilic [7, 206]. However, depending upon composition and processing, the 
surface can have more photocatalytic character and less superhydrophilic characteristics, or 
vice versa [207].  The synergistic effect of photocatalysis and hydrophilicity can be explained 
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as follows. Because more OH group can be adsorbed on the surface due to hydrophilicity, the 
photocatalytic activity is enhanced [208]. So, hydrophilicity can improve photocatalysis. On 
the other hand, the film surface can absorb contaminated compounds, which tend to turn the 
hydrophilic surface into a hydrophobic surface. Photocatalysis can decompose the organic 
compounds on the surface resulting in the restoration of hydrophilicity. Thus, photocatalysis 
can improve hydrophilicity and maintain this characteristic for a long time [209].  
In this experiment, doping of TiO2 with Mo had an effect on hydrophilicity. The water 
contact angle on TiO2-Mo (7 at.%) was lower than pure TiO2. The water contact angle of 
TiO2-Mo (7 at.%) coating was reduced after light irradiation for all three breweries. However, 
the water contact angle for TiO2 was not reduced for samples placed in brewery B and C after 
light irradiation. This was expected since TiO2-Mo (7 at.%) had a higher photocatalytic 
activity than TiO2 . The effect of light on wettability was more pronounced in the case of the 
reference surfaces than those having undergone brewery exposure conditions. The higher 
water contact angle in the brewery trials in comparison to the control samples might be 
explained by the accumulation of fouling material on the surface and the effect of cleaning 
agents.  
 
7.9 Conclusion         
 
The mechanical and chemical durability of pure TiO2 and Mo-doped TiO2 coatings were 
evaluated prior to process studies. They showed acceptable mechanical durability for in situ 
trials. All of the deposited TiO2 - Mo (7 at.%), and TiO2 thin films showed sufficient 
chemical resistance in neutral, alcohol, acidic and basic solution. No significant change in 
thickness was observed, which was expected. However, a reduction in roughness (Sa) value 
was observed. There was a small reduction in the Mo content after samples were treated with 
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acid and base. There was also a reduction in photocatalytic activity under UV light irradiation 
after the immersion of samples in acidic and basic solutions. So, when surfaces are used in 
situ, cleaning and disinfection products need to be carefully considered so as not to interfere 
with intended stability and photoactivity of the surface. The undoped TiO2 and TiO2 - Mo (7 
at.%) samples were placed in the brewery environments for 12 months because they were 
previously shown to be the most effective under fluorescent and UV light. Both of the 
surfaces developed for this study undoped TiO2 and TiO2 - Mo (7 at.%) coatings showed 
adequate adhesion properties after 3, 10, and 12 months. Large area of detachment of 
coatings from substrate was not observed, although some of the coatings showed failure on 
occasion. Both coatings lost some of their photocatalytic activity after one year in brewery A. 
Mo was well retained in the coating.  
In conclusion, the coatings have potential as robust photocatalytic materials to help reduce 
contaminant load over and above cleaning and disinfection procedures in the food processing 
environment. The final process study publication regarding microbiology assessment of these 
coating will be presented in appendix C of this thesis.  
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Chapter 8: Concluding remarks  
 
 
8.1 Thesis summary     
 
    
The aim of this project was to develop photocatalytic coatings that inhibit/inactivate 
attachment of microorganisms under fluorescent light, particularly those of interest to the 
brewery industry. In order to achieve this aim several tasks were carried out. The initial 
objective was to optimise the photocatalytic activity of the titania coatings via transition 
metal doping. This was to be achieved through the use of pulsed reactive unbalanced 
magnetron sputtering with the incorporation of various transition dopant metals and the use 
of pulse power supply. 
All as-deposited coatings were amorphous, but developed crystalline structures after 
annealing. The inclusion of the dopant influenced the crystallisation of the coatings with 
some dopants tending to supress crystallisation and others suppressing or promoting an 
anatase to rutile transition. 
The photocatalytic activities of Mo-doped TiO2 coatings under fluorescent light were 
improved significantly (31 %) over that of pure TiO2 annealed at the same temperature. 
Different transition metals with different dopant contents were separately screened for 
optimum photocatalytic activity. Of the transition metal dopants studied, molybdenum and 
niobium were found to be the most successful in enhancing the photocatalytic properties of 
titania under both UV and fluorescent lighting conditions. The best results for Mo and Nb 
doped titania were obtained with 7 at. % molybdenum and 0.25 at.% niobium, 12% 
improvements in photoactivity relative to pure titania under were achieved fluorescent light 
(annealing temperature were 600 °C and 400 °C, respectively). The UV light photoactivity of 
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W (3.8 at.%) and Ta (1.1 at.%) doped coatings also showed a slight improvement over pure 
titania coatings. However, the activity under fluorescent light was not improved. It was 
assumed that the optimum amounts of these transition metal dopants enhanced photoactivity 
by slowing the recombination rate of the photogenerated charge carriers.      
The second objective was to evaluate the  antimicrobial properties of selected TiO2 coatings 
doped with different transition metals, as well as the metals themselves, and their thin film 
oxide coatings. This was investigated using E. coli as a model organism under fluorescent 
light. The antimicrobial assay for photocatalytic coatings is technically complex, primarily 
due to many variables neccessary different experimental conditions (UV/Vis irradiation), 
length of exposure, different TiO2 photocatalysts, number of replicates  and microorganisms 
employed). In this study the ISO:27447:2009 standard was used as a guide to develop and 
perfom the antimicrobial assay. 
TiO2-Mo 7 at. % and TiO2 -W 10 at. %, inactivated E. coli after 24 hours in the presence and 
absence of light, which confirmed dual functionality of the coatings. TiO2 -Nb 0.25 at. %, and 
TiO2 -W 3.8 at. % coatings were only antimicrobial during fluorescent light illumination. 
Zones of inhibition was observed for any surfaces when placed on a culture of E. coli, 
indicating no diffusion of ions from surface, or concentrations were below an inhibitory level. 
Any innate antimicrobial effects are likely to be due to close contact between cell and 
coating.  
Some of the transition metals and their oxide coatings also showed antimicrobial activity.  W, 
WO3, Mo and MoO3 coatings inactivate E. coli after 6, 8, and 12 hours in the absence of 
TiO2. Nb and Nb2O5 coatings did not show any antibacterial activity compared to other 
transition metals and their oxides, although an MIC of 12-14 mg/L was demonstrated. A 
dilute beer soil on the surface did not affect photocatalytic activity, although more heavily 
soiled samples lost activity. These results emphasise the importance of regular cleaning and 
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disinfection in-situ to minimise accumulation of soil. This study shows that illumination by 
fluorescent light is capable of activating a novel antimicrobial photocatalytic surfaces. These 
coatings provide a promising direction for future applications in the food and beverage 
industries, and in medical and other hygienic environments.  
 
The final objective was to assess the chemical and mechanical durability of selected coatings 
and place them into breweries in order to assess their effectiveness over time in terms of 
photocatalytic activity, mechanical durability and water contact angle measurements. Pre- 
brewery trials confirmed that TiO2, and TiO2 -Mo 7 at. % showed sufficient mechanical and 
chemical durability. However, there was a variation in photocatalytic activity after the 
chemical durability test particularly after exposure to acid and alkali, although there was no 
significant change in Mo content, as measured by EDX. Therefore, further work is needed to 
improve the chemical durability of these coatings to ensure stability in service and to cleaning 
procedures. Characterisation on the effect of acids and bases on the structure of the coatings 
maybe required in order to recommend appropriate cleaning protocols in-situ.  
Photocatalytic activity, mechanical durability and contact angle measurement were assessed 
after 3, 10 and 12 months placement in three Finnish breweries. TiO2 and TiO2-Mo 7 at. % 
coatings retained approximately 50% of their photocatalytic activity after twelve months 
placement in the brewery. However, the results varied significantly between breweries. This 
was likely to be due to a number of factors including position of the samples and the cleaning 
regime used. The number of replicates was also too low. If surfaces were soiled with any 
residue and not cleaned sufficiently, this may have an effect on photocatalytic activity. The 
results of scratch adhesion tests performed on samples (post brewery exposure) showed some 
flaking, which in most cases was confined to the area immediately next to the scratch track. 
This may indicate that over-aggressive cleaning agents may damage the surfaces during 
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normal scene. Therefore, the mechanical durability of the coatings should be further 
improved to withstand severe conditions including cleaning with a range of known cleaning 
agents.   
The activity of the TiO2 -Mo 7 at. % and TiO2 coatings in terms of inhibiting microbial 
colonisation on equipment surfaces at two brewery filling lines were also studied. This study 
was performed in order to narrow the gap between bench-scale experimental work under 
ideal conditions and functionality in real industrial environments. This was a final part of the 
project of which this work was part. The major findings from this study was that the run time 
after washes and location on filling lines had a significant influence on the number and type 
of adhering microbes on surfaces, whereas the total exposure time or coating type did not. 
The study also showed that the two filling lines had characteristic bacterial communities, the 
major species belonging to Acinetobacter sp., lactic acid bacteria and enterobacteria. Thus, in 
spite of promising in vitro data showing antimicrobial properties of doped photocatalytic 
coatings represented in this thesis (Chapter 6), no effect on microbial numbers on the surfaces 
was discerned in-situ. Most of the studies with photocatalytic coatings so far have been based 
on laboratory experiments. As a result, coatings with good mechanical and chemical 
durability and thus suitable for industrial surfaces have been developed, but the efficiency of 
these coatings in reducing the number of microorganisms on the surfaces in the challenging 
beverage process conditions demands further investigation. The results of microbiological 
assessment will be presented in an Appendix C of this thesis [210]. 
  
The TiO2-Mo 7 at.% coated surfaces proved to be usable in a challenging brewery 
environment. In the manufacture of the surfaces, deposition parameters and surface 
characteristics must be controlled in order to maintain optimum photocatalytic activity. 
Although the Mo-doped surface is also active in the dark, there should be sufficient light in 
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the environment for photocatalytic activity. The lack of Mo ion leaching is of benefit and 
makes the coating potentially applicable for use as a hygienic surface, although perhaps not 
for food contact. The size of the surface that can be coated would need to be up-scaled to an 
industrial level and the length of time examined to establish if and how long before re-coating 
of the surface is required. 
 
8.2 Conclusions  
 Of the surfaces produced, the best results in terms of photoactivity under fluorescent 
and UV light irradiation were achieved with TiO2 doped with 7 at.% Mo and an 
annealing temperature of 600 °C giving a mixed phase anatase/rutile structure. 
 TiO2-Mo 7 at.% and TiO2 -W 10 at. %, coating showed antimicrobial activity after 24 
h light irradiation and 24 h incubation in the dark. TiO2-W 3.8 at.% and TiO2-Nb 0.25 
at.%, showed no antibacterial activity in the dark, and bacteria were only killed on the 
surfaces in the presence of fluorescent light, showing a photo-killing activity. TiO2-
Mo 7 at.% and TiO2-W 10 at.% coatings present a dual function. 
 TiO2-Mo 7 at.% coating significantly reduced microbial numbers even in the presence 
of a typical brewery soil. Thus, the surface may act as a secondary level defence 
against microbial populations and proliferation between disinfection/cleaning cycles.   
 W, WO3, Mo and MoO3 coatings inactivate E. coli over shorter periods of time in 
comparison to titania and doped titania coatings. The Nb and Nb2O5 coatings did not 
show any antimicrobial activity. 
  TiO2 and TiO2-Mo 7 at.% coatings showed some mechanical and chemical durability 
for in situ trials, which could be improved. 
 TiO2 and TiO2-Mo 7 at.% coatings were placed in brewery environments for 12 
Chapter 8 
 
 
193 
 
months. They showed overall adequate adhesion properties, although some of the 
coatings showed failure on occasion. 
 Both coatings lost some (50%) photocatalytic activity over a 12 months period. 
 Although these surfaces showed good mechanical, chemical durability and 
antimicrobial activity, no clear effect on microbial numbers on the surfaces showed in 
process study. Therefore, the effectiveness of these coatings in decreasing the number 
of microorganisms on the surfaces in the challenging beverage process conditions 
demands further investigation. 
 
 
8.3 Future work 
 
Based on the main findings of the work and the questions arising from the research 
carried out, in order to develop the surfaces so that they can be recommended to use 
in-situ the following work is suggested: 
 Characterise the surfaces to identify the chemical and structural relationships between 
TiO2 and dopants e.g. XPS and TEM. The position of the doping element in the titania 
crystal lattice is a factor of high importance for the modification of titania 
photocatalytic properties through the use of dopants. Despite widely-known 
suggestions [72-74] that the ionic radii of the dopants govern their position in the 
titania lattice, detailed structural characterisation/analysis a valuable contribution to 
the understanding of the structure property relationships of doped photocatalysts 
surfaces. 
 The production method should be managed in a way that provides effective process 
control and reproducible results, regardless of scale up. 
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 No clear effect of coatings on microbial numbers in the brewery environment could be 
shown, there were only five replicates and a high number of variables (location, 
exposure, time since rinse, batch variability). Therefore for future studies, more 
replicates and fewer variables should be employed in order to fully understand the 
effect of coatings on microbial population in more challenging brewery environments 
and to provide statistically significant data.  
 The surfaces should be optimized in terms of adhesion and durability for best use in 
the industrial environment, by using different substrates or surface treatments before 
start of deposition (such as ion assisted treatments). As it has been reported previously 
the choice of substrate and surface treatment can have an effect on photocatalytic and 
physical properties of coatings.  
 The potential use of transition metal oxide coatings as antibacterial surfaces could be 
investigated. The transition metals and their oxide coatings (Mo, MoO3, W and WO3) 
eradicate the bacteria in dark and hence are innately antimicrobial. Further research is 
required to look at chemical and mechanical durability of these coatings and their 
potential use in different environments that require high levels of hygiene.   
 Little information could be found concerning the mode of action of Mo and W as 
antibacterial metals. More work should be done to understand their mode of action 
such as using FT-IR, Raman spectroscopy, and TEM to look at the effect of Mo and W 
on the structure of microorganisms. FT-IR and Raman spectroscopy provides spectra 
of all the components in the cells, including proteins, peptides, lipids and 
polysaccharides. 
 The activity of surfaces against different microorganisms (bacteria, viruses, fungi) 
should be tested in order to investigate potential application in different environments. 
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 More extensive surface characterisation should be performed after in-situ trials. 
Different surface characterisation techniques such as Time of Flight Secondary Ion 
Mass Spectroscopy or FT-IR could be employed in order to investigate the effect of 
cleaning, soiling and etc. on coated surfaces. Time of Flight Secondary Ion Mass 
Spectroscopy could provide information regarding to presence of any cleaning 
solutions or soil on the surface. 
 In real situations surfaces are in contact with different soil and food residues. The 
effect of different soil on antibacterial activity of these coatings could be investigated 
further. Although, the photocatalytic surfaces produced in this project were used in the 
brewery industry, other industries might also be a potential market.  
 Each industrial environment will have its own cleaning regime. Most of the cleaning 
solutions used in food or beverage industries have been designed for stainless steel not 
for photocatalytic coated stainless steel. Therefore, the most appropriate regime should 
be identified for these photocatalytic surfaces. 
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Appendix A 
 
Two experiments were carried out in order to see the reproducibility of the coatings. Since 
the assessment of photocatalytic activity is a time consuming process (each measurement 
takes 5 hours plus samples pre-treatment time), it was not possible to evaluate statistically all 
the photocatalytic tests carried out. Therefore, the testing precision assessment was carried 
out on four types of coatings, which was going to place in brewery environments; TiO2, 
TiO2-Mo 7 at.%,  TiO2-Nb 0.25 at.%, and TiO2-W 3.8 at.% which were annealed at 600 °C 
and 400 °C. 
Experiment 1: consequent measurements of photocatalytic activity carried out on the same 
piece of each coating under UV light irradiation (5 measurements) (Figure A1).  
Table A.1: Statistical results of photocatalytic testing for four samples (experiment 1). 
Sample Mean Standard deviation Standard error 
TiO2 0.6875 0.015969 0.007984 
TiO2-Mo 7 at.%  0.875 
 
0.023238 0.011619 
TiO2-Nb 0.25 at.% 0.8325 
 
0.011619 
 
0.005809 
TiO2-W 3.8 at.% 0.71 
 
0.068702 0.034351 
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  Figure A.1: Relative photocatalytic activity for experiment 1. 
Experiment 2: Consequent measurements of photocatalytic activity carried out on the 
samples from each batch under UV light irradiation (one measurement from each batch).  
 
Table A.2: Statistical results of photocatalytic testing for five samples (experiment 2). 
Sample Mean Standard deviation Standard error 
TiO2 0.6925 
 
0.061441 
 
0.030721 
 
TiO2-Mo 7 at.%  0.8775 
 
0.034278 
 
0.017139 
 
TiO2-Nb 0.25 at.% 0.835 
 
0.057096 
 
0.028548 
 
TiO2-W 3.8 at.% 0.7125 
 
0.030578 
 
0.015289 
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 Figure A.2: Relative photocatalytic activity for experiment 2. 
Based on results from statistical analysis, it can be concluded that methylene blue degradation 
provides precise and repeatable values for photocatalytic assessment. However, in experiment 
2 where samples from each batch were tested, the standard error for all of the samples was 
higher than the experiment 1, which we can conclude that there is a batch variation in 
coatings.   
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Appendix B 
 
Penetration depths of EDX were calculated according to Kanaya-Okayama formula: 
 
 
R= Depth penetration 
A= Atomic weight (g/mol) 
n= Constant which is 1.67 
E0 = Beam energy (kV) 
Z= Atomic number 
 ρ = Density (g/cm)2 
Table B.1 gives some examples of penetration depths at some energy levels of incident 
beams in transition metals. 
 
Table B.1: Penetration depths at some energy levels of incident beams in Ti, Mo, Nb, Ta and 
W. 
Beam energy kV 5  10 15 
Titanium (Ti) 0.27 µm 0.87 µm 1.72 µm 
Molybdenum (Mo) 0.13 µm 0.43 µm 1.02 µm 
Niobium (Nb) 0.23 µm 0.74 µm 1.46 µm 
Tantalum (Ta) 0.2 µm 0.64 µm 1.27 µm 
Tungsten (W)  0.083 µm 0.27 µm 0.52 µm 
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a b s t r a c t
Microbial populations on equipment surfaces of beverage ﬁlling lines were investigated as a function of
surface coating type, location and time. Photocatalytic metal-ion doped (Ag or Mo) and non-doped TiO2
coatings deposited using reactive magnetron sputtering and spray coating methods were studied as
means to reduce microbial numbers accumulating on the surfaces. The coatings were applied to stainless
steel coupons, which were mounted to one canning and one glass bottle ﬁlling line for 3e5 months. After
exposure microbial numbers on the coupons were evaluated by culturing, and bacterial community
proﬁles were characterised with PCR-DGGE (denaturing gradient gel electrophoresis). The results
showed that the longer the run time after washes the higher microbial numbers were detected, and that
the two ﬁlling lines each had their characteristic bacterial community. The major species identiﬁed were
members of Acinetobacter sp., lactic acid bacteria and enterobacteria. No clear effect of the different
coating materials on the microbial numbers or bacterial community composition on the surfaces was
shown. In conclusion, functional coatings with sufﬁcient mechanical and chemical durability for in-
dustrial surfaces have been developed. Although these coatings have been previously reported to reduce
the number of microorganisms on the surfaces in vitro, their efﬁcacy in the challenging beverage process
conditions was not proven.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Brewery packaging equipment surfaces are constantly exposed
to moisture and nutrients during production, thus being suscepti-
ble to microbial attachment and growth on surfaces. Surface-
attached bacteria are problematic to process industry: they cause
contaminations, degrade and/or corrode materials and affect pro-
cess efﬁciency (e.g., ﬁltration units or heat exchangers). Equipment
surfaces are cleaned on a regular basis to reduce the microbial load
to a safe level. Washing procedures cost in terms of production
interruptions and consumption of energy, water, chemicals and
working hours. The process industry would thus beneﬁt from novel
means for managing microbes on process surfaces. Development of
functional coatings, i.e. coatings reducing the number of adhering
microbes on surfaces, has been a growing trend in recent years
especially in clinical environments (Page, Wilson, & Parkin, 2009).
Such coatings could have a valuable role in improving hygiene in
industrial processes, including the beverage industry.
Coatings with photocatalytically active semiconductors, espe-
cially TiO2, have attracted attention as a method for keeping sur-
faces free of dirt and microbes. TiO2 photocatalysts have been
shown to kill bacteria upon illumination by UVA light
(315e400 nm) (Fujishima, Zhang, & Tryk, 2008). The presently
accepted viewon themode of action is that OH produced by TiO2 is
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the primary killing agent, but that other reactive oxygen species
generated in the process, such as O2
 and H2O2, may be partly
responsible for inactivation of bacteria (Cho, Chung, Choi, & Yoon,
2005). Because of the short half-life of OH and its low diffusion
potential, bacterial cells to be oxidized must be close to the gen-
eration site. To obtain bactericidal activity under weak UV intensity,
TiO2 ﬁlms doped with antibacterial metals such as copper (Cu),
silver (Ag), and other elements have been developed for combined
activity (Naik & Kowshik, 2014; Ratova, Kelly, West, & Iordanova,
2013; Sunada, Watanabe, & Hashimoto, 2003).
Photooxidation of bacteria has mostly been studied using single
bacterial species, like Escherichia coli, Staphylococcus aureus, Enter-
obacter cloacae, Bacillus subtilis, Pseudomonas aeruginosa, P. ﬂuo-
rescens, Deinococcus geothermalis or Burkholderia cepacia (Allion
et al., 2007; Iba~nez, Litter, & Pizarro, 2003; Keskinen et al., 2006;
Kühn et al., 2003; Li & Logan, 2005; Pal, Pehkonen, Yu, & Ray,
2007; Raulio et al., 2006). The photocatalytic activity has varied
from 10 to 99.9999 % reduction in the number of viable bacteria
depending on the light intensity, wavelength and exposure time, as
well as bacterial species and whether adhered or non-adhered
bacteria have been studied. Yeasts appear to be considerably
more resistant than bacteria against photooxidation (Kühn et al.,
2003). A few studies using mixtures of microbial species have
also been reported: Rajagopal, Maruthamuthu, Mohanan, and
Palaniswamy (2006) oxidised bioﬁlms formed by natural micro-
biota of pond water by photocatalysis, but failed to kill all microbes.
Priha et al. (2011) used amixed culture of bacterial and yeast strains
to evaluate the efﬁcacy of atomic layer deposited (ALD) TiO2 and
TiO2þAg coatings in reducing the number of adheringmicrobes on
steel, and obtained a reduction in microbial numbers adhering onto
TiO þ Ag coatings. Due to the inadequate mechanical durability of
the coatings, however, their functionality in beverage process
conditions could not be evaluated.
In this study the performance of doped (Ag or Mo) and non-
doped TiO2 coatings deposited using reactive magnetron sputter-
ing and spray coating methods was investigated in process condi-
tions at a brewery. In preceding studies executed in laboratory,
similar coatings reduced the number of bacteria compared to the
non-coated stainless steel (Fisher et al., 2014; Navabpour,
Ostovarpour, & Hampshire, et al., 2014). Also, the mechanical
durability and retention of photocatalytic properties of these
coatings has been evaluated in brewery process conditions
(Navabpour, Ostovarpour,& Tattershall, et al., 2014). The aim of this
study was to verify the antimicrobial activity of the coatings in real
process conditions. Our hypothesis was that Ag or Mo doping
would enhance the photoactivity of TiO2, enabling the reduction in
the number of adhered microbes despite the low light intensity in
process conditions.
2. Materials and methods
2.1. Installation of coupons to brewery ﬁlling machines
All coatings were applied to stainless steel with bright cold
rolled ﬁnish (AISI 304 2B) coupons of 18.75 cm2 (25  75  1 mm).
The properties of coatings used in this study are presented in
Table 1. Details of coating preparation are given in Navabpour,
Ostovarpour, and Tattershall, et al. (2014). The coated and non-
coated stainless steel coupons were disinfected prior to process
studies by immersion to 70% ethanol for 2 h, and air-dried. The
coupons were installed onto one canning line and one glass bottle
line in a randomised block design, having three blocks with ﬁve
replicates of each coupon type at both ﬁlling lines, totalling 15
replicates of each coating in each ﬁlling line. Filler surfaces were
cleaned with saBesto spray (25e50% petroleum, 20e30%
isopropanol, Würth, Riihim€aki, Finland) and the coupons were
ﬁxed with HV350 glue (Valco, Cincinnati, OH). There was no special
provision of UV lighting for the photocatalytic coatings; the process
test took place under the usual brewery conditions, with coupons
receiving varying amounts of light depending on their location in
each machine. When installing the coupons, the light intensities of
UVA (LP 471 UVA probe, spectral range 315e400 nm) and VIS (LP
471 RAD Probe, spectral range 400e1050 nm) were measured with
a ﬂuorometer (HD 2102.2, DeltaOhm, Padova, Italy), and were, on
average, 0.5 (±1.0) mW cm2 and 34 (±38) mW cm2, respectively.
All coupons underwent the normal process conditions and cleaning
regimes used while being in the process. Between production
batches the washing programmes of the ﬁlling lines consisted of
prerinsing with cold water, soaking with alkaline foam cleaner for
10 min with concurrent manual brushing where necessary, disin-
fection with chlorine based cleaner for 10 min, and ﬁnal rinsing
with cold water. For each microbiological sampling the time from
the last washing cycle was documented. In addition, less-extensive
washes without brushing were done during production at 4e24 h
intervals.
2.2. Assessing microbial attachment and retention rates
Three samplings for the assessment of the number of microbes
on the coupons between two weeks and ﬁve months from the
installation of the coupons were performed (Table 2). The sampling
times varied between the canning and glass bottle line due to
production timetables. The coupons were swabbed with sterile
5  10 cm nonwoven gauzes (Mesoft, M€olnlycke Health Care,
Gothenburg, Sweden) placed into 10ml of Ringer's solution (Merck,
Darmstadt, Germany) immediately after swabbing. Bacteria were
detached from the gauze by homogenisation for 1min (Stomacher),
and the numbers of microbes were enumerated by plate counts. For
enumeration of aerobic heterotrophic bacteria, samples were
cultivated onTryptic Soy Agar (BD, Becton, Dickinson and Company,
New Jersey, USA) containing 10 mg l1 cycloheximide (Sigma;
Sigma-Aldrich, St. Louis, MO, USA) to prevent the growth of fungi,
and incubated for 3 d at 30 C. Moulds and yeasts were detected
using Potato Dextrose Agar (BD, New Jersey, USA) containing
100 mg l1 chloramphenicol (Sigma; SigmaeAldrich, St. Louis, MO,
USA) and 100 mg l1 chlortetracycline (Sigma; SigmaeAldrich, St.
Louis, MO, USA) to prevent to growth of bacteria, and 20 mg l1
Table 1
The studied materials. All coatings were deposited onto stainless steel with bright
cold rolled ﬁnish (AISI 304 2B).
Coupon
code
Material/coating Concentration
of dopant (%)
Deposition method
R AISI 304 2B Control, not coated
U1 TiO2 Reactive magnetron sputtering þ
heat treatment
U2 TiO2eMo 7.0 Reactive magnetron sputtering þ
heat treatment
T2 TiO2eAg 0.5 Reactive magnetron sputtering
MC TiO2 Spray-coated with TiO2 sol
Table 2
The sampling times of the process study.
Days from installation of coupons (days from last washing cycle)
First
sampling
Second
sampling
Third
sampling
Coupon
removal
Canning line 13 (1.5) 43 (1) 84 (3) 97 (1.5)
Glass bottle
line
24 (2) 43 (1.5) 149 (1) 163 (1.5)
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Triton (Fluka; SigmaeAldrich, St. Louis, MO USA) to prevent the
spreading of colonies, and incubated for 7 d at 25 C. Lactic acid
bacteria were enumerated using de Man Rogosa Sharpe agar (MRS,
Oxoid, Basingstoke, UK), and incubated anaerobically for 5e7 d at
30 C.
2.3. DNA extraction and PCR-DGGE
The homogenised swab sample suspensions remaining after
cultivation were ﬁltered to Sterivex-GP 0.22 mm-pore-size ﬁlter
units (Millipore, Billerica, MA, USA) and stored frozen (20 C) until
DNA was extracted. Subsequently ﬁlters were aseptically cut into
smaller pieces and transferred into DNA extraction tubes. DNA was
extracted using Fast DNA Spin Kit for Soil (MP Biomedicals, USA)
according to manufacturer's instructions, with the modiﬁcation
that the cells were homogenized in a FastPrep-24 instrument (MP
Biomedicals, USA) at 6 m s1 for 3 min.
For assessing bacterial community structure in the samples, a
variable region of the 16S rRNA gene was ampliﬁed. In preliminary
studies two primers pairs were compared: for V3 region 358F (50-C
CTACGGGAGGCAGCAG-30) and 534R (50-ATTACCGCGGCTGCTGG-
30) (Muyzer, DeWaal,&Uitterlinden,1993) and for V6eV8 region F-
968 (50-AACGCGAAGAACCTTAC) and R-1401 (50-CGGTGTGTACAAG
ACCC-30) (Nübel et al., 1996; Zoetendal, Akkermans,&De Vos,1998)
with a 40-bp GC clamp (50-CGCCCGCCGCGCGCGGCGGGCGG
GGCGGGGGCACGGGGGG-3) attached to the forward primers. The
primer pair 358F þ 534R was shown to be more sensitive (results
not shown). Due to the low DNA concentrations in the samples, the
sensitivity of the assay was further improvedwith a two-round PCR
assay, ﬁrst round with primers 358F and 534R and a second round
with the same primers, but a 40-bp GC clamp attached to the for-
ward primer. The ﬁrst PCR ampliﬁcation was performed in 50 ml
reaction volume with 1  DynaZyme II buffer (10 mM TriseHCl, pH
8.8, 1.5 mM MgCl2, 50 mM KCl, and 1% Triton X-200; Thermo Sci-
entiﬁc), 0.2 mM of each deoxynucleoside triphosphate, 0.4 mM of
each primer, 1% formamide, 1 U of Dynazyme II polymerase
(Thermo Scientiﬁc), and 5 ml of template DNA. The PCR was per-
formed in a MasterCycler thermal cycler (Eppendorf, Germany).
The PCR program consisted of a 5-min initial denaturation at 94 C,
followed by 30 cycles of 30 s at 94 C, 30 s at 55 C, and 45 s at 72 C,
with a ﬁnal elongation step at 72 C for 7 min. The second PCR was
performed in a 50 ml reaction volume with 1  Phusion GC-buffer
(Thermo Scientiﬁc), 0.2 mM of each deoxynucleoside triphos-
phate, 0.4 mMof each primer,1% formamide, 5 U Phusion Hot Start II
DNA Polymerase (Thermo Scientiﬁc) and 5 ml of the PCR product
from the ﬁrst PCR. The PCR program consisted of 30 s initial
denaturation at 98 C, followed by 30 cycles of 10 s at 98 C, 30 s at
65 C, and 30 s at 72 C, with a ﬁnal elongation step at 72 C for
7 min.
Denaturing Gradient Gel Electrophoresis (DGGE) analysis was
performed with D-Code Universal Mutation detection System (Bio-
Rad, California, USA). Brieﬂy, 8% (w/v) polyacrylamide gels
(16  16  1 mm) with a gradient from 30 to 70 % was run in
0.5 TAE buffer (20 mM Tris, 10 mM acetate, 0.5 mM EDTA, pH 0.8)
at 60 C, 85 V for 16 h. The amount of PCR products (3e10 ml) loaded
on the gel was adjusted according to the intensity of the bands in
the agarose gel. Following electrophoresis, the gels were stained in
SYBR Green I solution (Sigma; SigmaeAldrich, St. Louis, MO, USA)
for 20min, rinsedwith ultra-purewater, and documented using the
Gel Doc 2000 system (Bio-Rad, California, USA). A sequence ladder
consisting of PCR products of selected reference strains from VTT
Culture Collection (http://culturecollection.vtt.ﬁ/; Leuconostoc cit-
reum VTT E93497, Acinetobacter baumannii VTT E022166, Ped-
iococcus claussenii VTT E022179, Lactobacillus lindneri VTT
E91460, Mycobacterium hodleri VTT E022096 and Kocuria kris-
tinae VTT E82147) was run in parallel with the samples. Selected
representative DNA bands (altogether 92) were excised from the
DGGE gel using a Pasteur pipette and kept in 20 ml of PCR grade
water overnight at 4 C. The obtained gene fragments were then
reampliﬁed until a single band was obtained in DGGE. For
sequencing the samples were sent to Macrogen Europe (Amster-
dam, The Netherlands), for custom DNA sequencing using the EZ-
Fig. 1. The number of microbes on coated (Table 1) and non-coated AISI 304 2B stainless steel coupons after 13, 43 and 84 d exposure in a canning line seamer in a brewery. Fifteen
replicates of each coating were divided into three blocks in a randomised block design and installed in the seamer of a canning machine. The number of adhered microbes was
determined by swabbing and culturing on three different agar plates to detect heterotrophic and lactic acid bacteria, and yeasts. The results are shown as average CFU cm2 of ﬁve
replicates on each block. Bars show standard deviations, and letters show signiﬁcant (P  0.05) differences between blocks.
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puriﬁcation service. The obtained sequences were trimmed in
Geneious software R6 (Biomatters, Auckland, New Zealand) and
compared against GenBank sequences with a Megablast search
(McGinnis & Madden, 2004).
For comparing community proﬁles of different samples the gel
data were transferred into BioNumerics ver 5.10 software (Applied
Maths, Sint-Martens-Latem, Belgium). Pearson's curve-based cor-
relations were calculated, and clustering was done with the un-
weighted pair group with arithmetic mean (UPGMA). The band
classes were searched with the band matching algorithm of the
BioNumerics software.
2.4. Microscopy
At the end of the process study the coupons were removed for
microscopy. They were rinsed gently twicewith sterile MilliQ water
and stained with acridine orange (BD 212536, 0.1 g l1 in 0.5 M
acetate buffer; New Jersey, USA) for 10 min in the dark for epi-
ﬂuorescence microscopy. Acridine orange is a nucleic acid selective
ﬂuorescent cationic dye. The coupons were examined with Axio
Imager.M2 epiﬂuorescence microscope and using a 63  /1.4 or
100 /1.40 Oil Plan-Apochromat objective lens (Zeiss, Oberkochen,
Germany, lex ¼ 470 ± 40, lem ¼ 525 ± 50). Images were captured
using AxioCam MRm camera and AxioVision 4.8.2 software (Zeiss,
Oberkochen, Germany). One parallel coupon of each coating type at
bottle ﬁlling line was immediately after removal ﬁxed in phosphate
(0.1M, pH 7.2) buffered 2.5% glutaraldehyde for 3 h, and rinsedwith
phosphate buffer three times. Subsequently dehydration was car-
ried out with an ethanol series from 30%, 50%, 70%, 85%e96% and
absolute, followed by hexamethyldisilazane (Fluka, Buchs,
Switzerland). Coupons were coated with Au/Pd (10 nm, 208 HR
High Resolution Sputter Coater, Cressington Scientiﬁc Instruments
Inc, Cranberry, PA, USA) and examinedwith FESEM (Hitachi S-4800,
Tokyo, Japan) operated at 1 kV.
2.5. Statistical analyses
Signiﬁcant (P  0.05) differences of the means within each
sampling were tested with two-way analysis of variance with block
and coating as ﬁxed factors, and subsequent Tukey's post hoc test
using IBM SPSS Statistics version 21 software. The cfu counts were
log transformed to fulﬁl the assumptions of variance analysis.
3. Results
The numbers of heterotrophic bacteria, lactic acid bacteria, and
yeasts on each block of the canning line at three different time
points are shown in Fig. 1. The results from the glass bottle line are
shown in Fig. 2. From the glass bottle line most of the coupons from
block 1 became detached in the middle of the study, and these
Fig. 2. The number of microbes on coated (Table 1) and non-coated AISI304 2B stainless steel coupons after 24, 43 and 149 d exposure in a glass bottling line in a brewery. Ten
replicates of each coating were divided into two blocks and installed on the ﬁller wheel and on the ﬁlling table of a glass bottling machine. The number of adhered microbes was
determined by swabbing and culturing on three different agar plates to detect heterotrophic and lactic acid bacteria and yeasts. The results are shown as average CFU cm2 of ﬁve
replicates on each block. Bars show standard deviations, and letters show signiﬁcant (P  0.05) differences between blocks.
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results are not included. Both lines were ﬁlling beer prior to each
sampling time, but the ﬁlling time after the previous washing cycle
varied from 1 to 3 d (Table 2).
The results show that the run time after washing had a clear
effect on the number of microbes on the coupons. At the canning
machine the numbers of adhering heterotrophic bacteria, lactic
acid bacteria and yeast were up to 3 logs higher on the last sam-
pling with a 3-day run, as compared to the 1st and 2nd second
sampling with 1e1.5 d runs after washing cycles (Fig.1). At the glass
bottle line the numbers of attached microbes also followed the run
time after the last washing cycle, with highest numbers after the
1st sampling with a 2-day run and lowest after the 3rd sampling
with a 1-d run after the last washing cycle (Fig. 2). On the ﬁller
wheel the numbers of heterotrophic bacteria, lactic acid bacteria
and yeasts were up to 4 logs higher after 2 d production compared
to the 1 d production time.
Location on the ﬁlling line (block) also had a statistically sig-
niﬁcant effect on microbial numbers. At the canning line numbers
of heterotrophic bacteria, lactic acid bacteria and yeasts were sta-
tistically signiﬁcantly lower in block 3 at each sampling as
compared to block 1 and 2. At the glass bottle line numbers of all
microbial groups were statistically signiﬁcantly higher at the ﬁller
table as compared to ﬁller wheel at each sampling, except for
heterotrophic bacteria in the 1st and 2nd sampling and yeasts in
the 2nd sampling.
Despite these differences in bacterial numbers on the coupons,
no clear effect of the coating type on the numbers of microbes on
the surfaces could be shown.
Several microbial cells resembling bacteria, ﬁlamentous fungi
and yeasts adhering to the steel surface were observed on surfaces
after 96 days, using epiﬂuorescence microscopy (Fig. 3). In SEM rod
shaped bacteria tightly attached to steel surface embedded in
debris and slime were seen (Fig. 4).
The bacterial community proﬁles generated by PCR-DGGE were
clearly clustered according to the ﬁlling line; the canning and glass
bottle lines separated from each other (Fig. 5). Also the location on
the ﬁlling line (block) showed some clustering, as well as the
sampling time. No clustering was observed due to the coating type,
thus the different coatings did not have an effect on the bacterial
communities attaching to surfaces. A few representative bands
from each band group were sequenced for identiﬁcation of bacteria
(Fig. 6). The relatively short sequence ampliﬁed permitted identi-
ﬁcation to the genus level. Especially Acinetobacter sp. and lactic
acid bacteria (Lactobacillus sp., Lactococcus sp., Weissella sp., and
Leuconostoc sp.) were frequently detected (Table 3). Members of
enterobacteriaceaea (e.g. Enterobacter sp., Serratia sp., Citrobacter
sp.) were also common.
4. Discussion
In this study themicrobial populations on equipment surfaces at
two brewery ﬁlling lines were investigated as a function of coating,
location and exposure time. The results showed clearly that the run
time after washes and location on the ﬁlling line had a signiﬁcant
inﬂuence on the number and type of adhering microbes on sur-
faces, whereas the total exposure time or coating type did not.
The coupons at block 3 in the canning machine had lowest
numbers of microbes at each sampling time compared to the other
two blocks. Blocks 1 and 2 were placed next to each other, at a
location in which open cans arrive at the seamer, allowing spills of
Fig. 3. Epiﬂuorescence micrographs of AISI 304 stainless steel coupon from block one of the canning line, exposed to brewery process conditions for 97 d. The coupon was stained
with acridine orange. The images show yeast (Panels A, B and D) and bacterial cells (Panel C) adhered on the surface of the steel coupon.
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product onto the coupons. Block 3 was situated on the other side of
the seamer, where the cans are sealed and less beer was dispensed
in thewater covering the coupons. At the glass bottle line, microbial
numbers were higher on the ﬁller table as compared to the ﬁller
wheel. The coupons on the ﬁller table were continuously sub-
merged in dilute beer, whereas the coupons on the ﬁller wheel only
had occasional sprays of product on them. The nutrients coming
from spills of product thus have expectedly a clear increasing effect
on microbial numbers.
Run time after the last washing cycle had a clear effect on mi-
crobial numbers on the surfaces; at both lines the numbers of
adhering microbes were up to 4 logs higher after 2-3-d runs than
after a 1-d run. Microbes thus proliferate and/or accumulate on
surfaces between washing cycles, suggesting that relatively short
production time and frequent cleaning are necessary for appro-
priate process hygiene. It has been shown previously that the ﬁrst
bacteria appear on the surfaces within hours after restarting the
production (Storgårds, Tapani, Hartwall, Saleva, & Suihko, 2006).
SEM examination of the coupons revealed that the bacteria
adhering on ﬁlling machine surfaces are embedded in a matrix of
extracellular polymeric substances. This might be the reason for
colonisation after cleaning, since extracellular polymeric sub-
stances may anchor the bacterial cells on the surfaces, and protect
them from external physical (shear forces) and chemical (cleaning
and disinfection chemicals) stress factors (Flemming, 2011).
Photocatalytic TiO2 and TiO2 doped with Ag or Mo coatings
deposited on steel using reactive magnetron sputtering and spray
coating methods were investigated as antimicrobial surfaces for
beverage ﬁlling process. In preceding studies executed in labora-
tory TiO2þMo coatings similar to those used in this study caused a
5-log reduction in bacterial (E. coli, Serratia marcescens, and Pseu-
domonas rhodesiae) counts and a 1-log reduction in yeast Wick-
erhamomyces anomalus count (Fisher et al., 2014), and the TiO2þAg
coatings caused a 4-log reduction in E. coli counts (Navabpour,
Ostovarpour, & Hampshire, et al., 2014). No clear effect of coat-
ings, however, on microbial numbers could be shown in these
process studies. There are several factors which may inﬂuence the
functioning of photocatalytic coatings in this context: 1) the func-
tioning parameters and durability of the coating, 2) the character-
istics of microbial species adhering, 3) thewavelength and intensity
of light, and 4) the presence of organic and inorganic substances on
the surface. In addition, there were only ﬁve replicates and a high
number of variables (location, exposure, time since rinse). Overall,
it seems that the challenging factory environment has masked the
effect previously demonstrated in the laboratory.
When antimicrobial coatings are applied on surfaces in indus-
trial environment, essential characteristics in addition to their
function is their durability in process conditions. In previously re-
ported brewery process study TiO2þAg coatings, prepared using
atomic layer deposition (ALD) technique, were damaged, and the
Ag was dissolved from the surface, and the activity of the coating
could not be evaluated (Priha et al., 2011). Prior to the present
brewery study, the chemical and mechanical durability of the
coatings were evaluated in a separate process study. These coatings
deposited using reactive magnetron sputtering showed better
mechanical durability and retention of active surface components
Fig. 4. FESEM micrographs of AISI 304 stainless steel coupon, exposed to brewery process conditions for 163 d on the ﬁller table of a glass bottle line (block 3). Images show
microbial cells adhered on the surface of the coupons as microcolonies. In panel A, a microcolony consisting of rod shaped bacteria (1 mm  2e4 mm) adhered on crevice of stainless
steel is shown. Three rod shaped bacteria (1 mm  2 mm) adhered on the steel surface close to a grain boundary with organelles resembling stalk are shown in Panel B. Panel C shows
a group of rod shaped bacteria (1 mm  2e3 mm) tightly adhering on the coupon surface. Panel D shows high magniﬁcation micrograph of single bacterium adhered on the edges of
a crevice with multiple pilus type organelles.
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Fig. 5. Cluster analysis of DGGE proﬁles of the samples (Table 1 and 2). Pearson's correlation and UPGMA were used to construct the dendrogram. Numbers in branch nodes show
similarity values.
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Fig. 6. DGGE gels of the samples (Tables 1 and 2). The letters on top show band classes, and the numbers in brackets after the letters show the percentage distance of the band class
(The whole gel length is 100%). Numbers in the gel identify the sequenced bands shown in Table 3.
than the spray coated solegel surfaces, whilst the spray-deposited
coatings showed enhanced retention of photocatalytic properties
Navabpour, Ostovarpour, & Hampshire, et al., 2014). In addition to
the manufacturing method, coating thickness and barrier layers
also have a role in determining the functioning of the coating. With
ALD prepared TiO2 coatings it has been shown that 500 nm thick
coating reduced bacterial adhesion more efﬁciently than 250 nm
thick (Allion et al., 2007). SiO2 barrier layers between stainless steel
and TiO2 ﬁlms have also been shown to increase photocatalytic
activity Evans, English, Hammond, Pemble, & Sheel, 2007).
Most studies showing the microbial killing effect of photo-
catalytic and/or antimicrobial coatings have been done in labora-
tory with single microbial species, and the reductions vary from
rather insigniﬁcant (10%) to even 6 logs (Allion et al., 2007; Kühn
et al., 2003; Li & Logan, 2005; Raulio et al., 2006). The suscepti-
bility of different microbial species to photocatalysis or silver
nanoparticles varies: Pseudomonas sp. have repeatedly been shown
to be more resistant to both than E. coli; Gram positive bacteria are
more resistant than Gram negative bacteria; and yeasts are more
resistant that bacteria (Kühn et al., 2003; Naik& Kowshik, 2014; Pal
et al., 2007). Despite the innate antimicrobial properties of mo-
lybdenum and silver and the photocatalytic properties of the TiO2,
it is apparent that the genuine process conditions withmultispecies
bacterial communities and high numbers of yeasts are considerably
more challenging to the coatings than the laboratory studies.
Comparison of UVA activation intensities required for TiO2
coatings to kill microorganisms are complicated by variable light
intensities and spectral ranges applied, and sometimes even failure
to report them. In some studies showing the microbial killing effect
of TiO2 coatings the reported UVA intensities vary from
100 mW cm2 (Raulio et al., 2006) to 4600 mW cm2 (Li & Logan,
2005). In the ISO standard for studying the antibacterial activity
of photocatalytic materials a maximum UV intensity of
250 mW cm2 is recommended to avoid damage of microbes by UV
irradiation only (ISO 27447:2009). In this study, the light intensity
in the process conditions was low, around 0.5 mWcm2 for UVA and
34 mWcm2 for VIS. Our hypothesis was thus that the activity of the
coatings in the process conditions relies mostly on antibacterial
components instead of photoactivity. It was, however, expected
that the combination of antibacterial metals and TiO2 could also
have caused some photocatalysis inweak UV intensity, as shown by
Sunada et al. (2003) for Cu/TiO2 coatings at UV intensity of
1 mW cm2.
It has been previously reported that organic or inorganic
chemicals may retard the photocatalytic effect of TiO2 (Epling& Lin,
2002). In this study the coatings received spills of product on the
ﬁller machines, which could also decrease the activity of the
coatings. Our observation that the most important factor affecting
microbial numbers was run time after washese a few dayse rather
than the total duration of exposure e some months e indicates the
effectiveness of cleaning procedures, and suggests that experi-
mentsmonitoring the effect of novel surfaces and treatmentsmight
need only to be carried out over shorter times, using run time after
washes as the key parameter.
The bacterial communities remained characteristic to each
ﬁlling line and location on the ﬁlling line throughout the study. The
relatively short amplicon, ~200 bp, created with the Muyzer
primers (Muyzer et al., 1993) did not allow identiﬁcation to species
level, and also permitted the ampliﬁcation of eukaryotic DNA. The
advantage of these primers is their high sensitivity with low DNA
concentrations. The previous studies reporting microbial commu-
nities on beverage process surfaces are few. Timke,Wang-Lieu,
Altendorf, and Lipski (2005), Timke, Wolking, Wang-Lieu, Alten-
dorf, and Lipski (2005) showed that bioﬁlms on two conveyor belts
included the genera Acidovorax, Achromobacter, Acinetobacter,
Table 3
Sequenced fragments from DGGE gels.
Band
group
Band
group, %
Band
no
bp Closest megablast hits % Similarity
A 13.7 1 171 Eukaryotes
2 166 Eukaryotes
3 170 Eukaryotes
B 15.3 4 169 Eukaryotes
5 168 Eukaryotes
6 186 Pedobacter sp. 99
C 17.1 7 194 Weissella sp. 100
8 152 Weissella sp. 99
D 18.8 a
E 21.9 9 192 Leuconostoc sp. 99
10 168 Eukaryotes
11 170 Eukaryotes
12 168 Eukaryotes
13 168 Eukaryotes
14 109 Eukaryotes
F 24.5 15 164 Eucaryotes
16 131 Chryseobacterium sp. 100
G 27.4 17 167 Eukaryotes
18 142 Lactobacillus sp. 100
19 103 Acinetobacter sp. 100
20 192 Acinetobacter sp. 100
21 192 Acinetobacter sp. 99
22 108 Acinetobacter sp. 100
H 30.0 a
I 32.4 23 144 Lactobacillus sp. 100
24 115 Lactobacillus sp. 100
25 164 Pseudomonas sp. 100
26 194 Pseudomonas sp. 100
J 33.7 27 169 Brevundimonas sp. 100
28 192 uncultured 99
29 128 Acinetobacter sp. 100
30 100 uncultured 97
31 186 uncultured 100
K 36.2 32 195 Acinetobacter sp. 100
L 38.6 33 195 Acinetobacter sp. 100
34 192 Acinetobacter sp. 100
35 110 Acinetobacter sp. 98
36 108 Acinetobacter sp. 100
M 40.9 37 115 Lactococcus sp. 100
38 192 Lactoccoccus sp. 100
39 194 Lactococcus sp./Lactobacillus sp. 100
40 105 Lactococcus sp. 100
N 45.6 41 194 Exigiobacterium sp. 100
O 49.1 42 191 Escherichia sp./Shigella sp. 100
43 145 Serratia sp./Yersinia sp./Rahnella sp. 99
P 50.3 44 111 Sphingomonas sp. 99
Q 53.1 45 80 Sphingomonas sp./Azospirillum sp. 100
46 118 Comamonas sp. 100
R 54.6 47 169 Brevundimonas sp. 100
S 55.9 48 130 Mesorhizobium sp. 100
49 190 Enterobacter sp. 100
50 124 Citrobacter sp. 98
T 57.9 51 139 uncultured 100
52 177 uncultured 99
53 191 uncultured 99
U 60.2 54 82 Sphingomonas sp. 100
55 184 Enterobacter sp./Salmonella sp. 99
56 93 Pantoea sp./Enterobacter
sp./Shigella sp.
100
V 61.9 57 169 uncultured a-proteobacterium 99
W 63.7 a
X 67.4 a
Y 69.2 58 59 Microbacterium sp. 100
Z 70.5 a
AA 77.2 59 86 Streptomyces sp. 100
81.4 60 115 Enterobacter sp. 97
61 85 Enterobacter sp. 97
AB 83.8 62 74 Propionibacterium sp. 100
63 177 Propionibacterium sp. 99
AC 90.8 64 169 uncultured 100
AD 94.9 a
a No successful sequences obtained.
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Bacillus, Brevundimonas, Citrobacter, Chryseobacterium, Enter-
obacter, Erwinia, Klebsiella, Microbacterium, Pseudomonas, Rhizo-
bium and Stenotrophomonas. Storgårds et al. (2006) studied ﬁlling
machines of three breweries, and isolated and identiﬁed members
of the genera Acetobacter, Achromobacter, Bacillus, Enterococcus,
Klebsiella, Lactobacillus, Lactococcus, Mycobacterium, Pantoea, Ped-
iococcus, Pseudomonas and Serratia. The present study is in accor-
dance with the data reported previously; especially Acinetobacter
sp., lactic acid bacteria (Lactobacillus sp., Lactococcus sp., Weissella
sp., Leuconostoc sp.) and enterobacteria were shown to be common
on the surfaces (Table 3). The frequent encounter of Acinetobacter
spp. is interesting, since in a study analysing the organisms ﬁrst
appearing on cleaned brewery surfaces, Acinetobacter spp.
accounted for up to 71% of all detected microbes, and was shown to
adhere more readily and ﬁrmly to stainless steel than most other
microorganisms (Lipski, 2005) . Thus this bacterium is probably
providing a foundation on which other microorganisms can settle
and proliferate. Chryseobacterium spp. was detected in our study,
and it has also been thought to be involved in the rapid recoloni-
sation of cleaned surfaces and bioﬁlm formation in beer bottling
plants (Herzog, Winkler, Wolking, K€ampfer, & Lipski, 2008). Since
beer is a hostile environment for most microorganisms, only a few
species are known to cause spoilage of beer, mainly bacteria rep-
resenting the genera Lactobacillus, Pediococcus, Pectinatus and
Megasphaera (Storgårds & Priha, 2009). It is assumed that beer-
spoilage organisms themselves are not the primary colonisers of
process surfaces, but instead they beneﬁt from the bioﬁlm forma-
tion initiated by other species (Back, 1994). The solution to bioﬁlm-
related problems should thus be the prevention of microbial
adhesion e an aim which could be established with functional
coatings.
5. Conclusion
In summary, this study showed that increasing run time after
washes and nutrients provided by beer spilled on the coupons
increased microbial numbers on them. The study also showed that
the two ﬁlling lines had their characteristic bacterial communities,
the major species belonging to Acinetobacter sp., lactic acid bacteria
and enterobacteria. In spite of promising in vitro data showing
antimicrobial properties of doped photocatalytic coatings in a
previous study, no effect on microbial numbers on the surfaces was
discerned in situ. Most of the studies with photocatalytic coatings
so far have been based on laboratory experiments. This study was
performed to narrow the gap between experimental work and
functionality in real industrial environments. As a result, coatings
with good mechanical and chemical durability and thus suitable for
industrial surfaces have been developed, but the efﬁciency of these
coatings in reducing the number of microorganisms on the surfaces
in the challenging beverage process conditions demands further
investigation.
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Titanium dioxide (TiO2) surfaces doped with molybdenum (Mo) were investigated to determine if their photocatalytic
ability could enhance process hygiene in the brewery industry. Doping TiO2 with Mo showed a 5-log reduction in bacte-
rial counts within 4 to 24 h and a 1-log reduction in yeast numbers within 72 h. The presence of a dilute brewery soil on
the surface did not interfere with antimicrobial activity. The TiO2–Mo surface was also active in the dark, showing a 5-
log reduction in bacteria within 4 to 24 h and a 1-log reduction in yeast numbers within 72 h, suggesting it could have a
novel dual function, being antimicrobial and photocatalytic. The study suggests the TiO2–Mo coating could act as a sec-
ondary barrier in helping prevent the build-up of microbial contamination on surfaces within the brewery industry, in
particular in between cleaning/disinfection regimes during long production runs.
Keywords: photocatalytic surfaces; titanium dioxide; molybdenum; antimicrobial activity; brewery microorganisms;
soiling
Introduction
The photocatalytic properties of titanium dioxide (TiO2)
are well documented (Fujishima et al. 2000; Foster et al.
2011), and its use in the degradation of pollutants in
water and air is well established (Fujishima & Honda
1972; Frank & Bard 1977). Titanium dioxide is a semi-
conductor with a wide band gap (3.2 eV), which can be
excited by ultraviolet (UV) irradiation (λ < 380 nm). Pho-
tons with energy equal to or higher than their band gap
can promote an electron from the valence band to the
conduction band, producing electron-hole pairs. The
photogenerated electrons react with molecular oxygen
(O2) to produce superoxide radical anions (
O2
–), and
the photogenerated holes react with water to produce
hydroxyl (OH) radicals (Fujishima et al. 2000;
Daviðsdóttir et al. 2013). UV light and reactive radical
species are able to decompose organic compounds and
inactivate microorganisms. Immobilized TiO2 particles
deposited as thin ﬁlms on substrata can also become
superhydrophilic after UV illumination, making residual
material easily displaced with water. Thus, TiO2 surfaces
can also have a self-cleaning effect (Fujishima et al.
2000) as well as being able to degrade pollutants and
microorganisms through photocatalysis.
It is widely recognized that environmental surfaces
can act as reservoirs for microbial fouling, and in recent
years there have been many publications regarding pho-
tocatalytic disinfection with reports referring to the
destruction of Gram-positive and Gram-negative bacteria
as well as fungi, algae, protozoa, endospores, and viruses
(Foster et al. 2011). Both the photocatalytic disinfection
and the self-cleaning properties of TiO2 surfaces make
them potentially applicable to areas where microbial
fouling can arise, for example, in hospital settings or in
the food and beverage industry. Within a brewery envi-
ronment, the hygienic status of process surfaces plays a
major role in ensuring the quality of the beer. Beer pro-
duction and dispensing often take place in closed sys-
tems, where in-place cleaning procedures are applied
(Storgards 2000). The cleaning and disinfection regimes
employed are essential for removing product deposits
and microbial populations. However, long production
runs between cleaning cycles are typical, making such
systems more susceptible to bacterial accumulation. The
accumulation of bacteria on surfaces can lead to the
development of bioﬁlms, which may consist of multiple
communities of microorganisms (Costerton et al. 1995).
The secretion of an extracellular matrix by these organ-
isms helps protect them against disinfection, thus bio-
ﬁlms, once established, can be difﬁcult to eradicate from
surfaces (Costerton et al. 1995). Hard-to-reach areas can
also be problematic. The use of photocatalytic surfaces
under such circumstances could help towards inhibiting
the build-up of microbial populations during long
production runs and in between disinfection cycles, and
provide a greener and more cost-effective disinfection
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strategy by reducing energy, water, and chemical con-
sumption. However, since UV light is required to acti-
vate photocatalytic surfaces, the use of TiO2 in indoor
situations is limited.
Doping TiO2 with transition metals causes a shift
reduction in the band gap, enabling surfaces to become
active under visible light (Wilke & Breuer 1999). TiO2
doped with a transition metal can be deposited as a thin
ﬁlm coating onto surfaces such as stainless steel, typi-
cally used in breweries. In a study by Ratova et al.
(2013), thin ﬁlms of TiO2 were doped with different
amounts of the transition metals molybdenum (Mo),
niobium (Nb), tungsten (W), and tantalum (Ta) onto
glass substrata using reactive magnetron co-sputtering.
The ﬁlms were analysed in terms of their composition
and structure by energy-dispersive X-ray spectroscopy
(EDX) and Raman spectroscopy, and their photocatalytic
activity was assessed by the degradation of the organic
dye methylene blue under UV and ﬂuorescent light
sources. The study reported that, after annealing in air at
600°C, TiO2 coatings doped with Mo exhibited the high-
est photocatalytic activity under both light sources. This
was attributed to the presence of an anatase crystalline
phase and a ‘red-shift’ in band-gap energy towards the
visible spectrum (Ratova et al. 2013). However, the
photocatalytic effect against bacteria was not examined.
The aim of the current study was to develop a novel
photocatalytic surface by applying an Mo-doped TiO2
coating to a stainless steel substratum and to determine
whether process hygiene in the brewery industry could
be improved. The ﬁrst stage was to identify an optimal
doping level to ensure photoactivity under ﬂuorescent/
visible light. Following this, the efﬁcacy of the surface
was tested against Escherichia coli (a model organism)
and then microrganisms isolated from brewery surfaces
to determine whether a brewery (beer) conditioning ﬁlm
reduced the activity of the TiO2-doped surface.
Materials and methods
Production of photocatalytic thin ﬁlms
Stainless steel (AISI 304-2B) was used as a substratum
upon which thin ﬁlms of TiO2 doped with Mo were
deposited by a closed ﬁeld unbalanced magnetron sputter
ion plating technique (Teer Coatings Ltd, Droitwich,
UK) (Laing et al. 1999). The production of the thin ﬁlms
was as described by Ratova et al. (2013). In brief, three
300 mm × 100 mm vertically opposed unbalanced planar
magnetrons and one blanking plate were installed in the
chamber, and two magnetrons were ﬁtted with titanium
(Ti) targets and one with the Mo dopant metal target. All
targets were of 99.5% purity. The magnetrons with the
titanium targets were in the closed ﬁeld conﬁguration
and driven in pulsed DC sputtering mode using a
dual-channel Advanced Energy Pinnacle Plus supply at a
frequency of 100 kHz and a duty of 50% (in synchro-
nous mode). The Mo metal target was driven in continu-
ous DC mode (Advanced Energy MDX). The Ti targets
were operated at a constant time-averaged power of 1
kW, and the dopant target was operated at powers in the
range of 0–240W, selected to produce a range of dopant
levels in the coatings. The base pressure of the sputtering
chamber was 1 × 10−3 Pa. The ﬂow rate of argon was
controlled through a mass ﬂow controller, and the ﬂow
rate of oxygen was controlled by an optical emission
monitor set to 15% of the full metal (Ti) signal, which
had been previously determined to produce stochiometric
TiO2 coatings (Ratova et al. 2013). Stainless steel sam-
ples (2 × 1 cm) were mounted on a substratum holder,
which was rotated between the magnetrons at 4 rpm dur-
ing deposition. The target to substratum separation was
8 cm. The Ti and Mo targets were cleaned by pre-sput-
tering in a pure argon atmosphere for 10 min. Deposition
times were adapted to obtain a ﬁlm thickness of 800 nm
to 1 μm. The sputtered ﬁlms were post-deposition
annealed at 600°C for 30 min in air.
Coating characterization
Energy dispersive X-ray spectroscopy (EDX – Edax
Trident, Mahwah, NJ) was employed to analyse the
coating compositions and determine the dopant level.
Previous experience had shown that the as-deposited coat-
ings would be amorphous. Thus, the TiO2 and TiO2–Mo
thin ﬁlms were annealed at 600°C and then analysed by
X-ray diffraction (XRD) in the θ–2θ mode (URD6 Seif-
erd & Co. diffractometer with CuKα1 radiation at 0.154
nm) and by Raman spectroscopy (Renishaw Invia, 514
nm laser) to obtain information regarding their
crystalline structure.
Photocatalytic activity
Photocatalytic activity levels were determined via the
degradation of the organic dye methylene blue (MB)
(Alfa Aesar, Lancaster, UK), since MB is a dye often
used as a model organic compound to measure photore-
activity (Ratova et al. 2013). Aqueous MB absorbs light
most strongly at about 660 nm with a given molar
absorptivity of 105 dm3 mol−1 cm−1. The absorbance at
660 nm vs the UV or ﬂuorescent irradiation time can be
translated into a graph of peak height absorbance against
irradiation time, which has an exponential form (Houas
et al. 2001). MB concentrations were calculated using
the measured absorbance peak around 663 nm. The for-
mula below was used to calculate the photocatalytic
activity of each of the ﬁlms. Two parameters were
deﬁned: PaUV for UV irradiation and PaFL for ﬂuorescent
light irradiation.
912 L. Fisher et al.
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Pa ¼ 1 ½C0emx=C0eex
where: C0 is the peak height at time = 0 (ie the initial
concentration), C0e
–mx is the decay rate of MB with no
sample present, and C0e
–cx is the decay rate of MB in
contact with a photocatalytic coating
The decomposition of MB was assessed using an ini-
tial concentration of 0.105 mmol l−1. Annealed TiO2 and
TiO2–Mo samples were placed in 10 ml of MB solution,
which was irradiated at an integrated power ﬂux of 4
mW cm2 with 2 × 15W 352 nm UV tubes (Black Ray,
Cambridge, UK) or at an integrated power ﬂux of 6.4
mW cm2 with 2 × 15W ﬂuorescent tubes, of which the
UV component (300–400 nm) was 0.5 mW cm2. A 10 cm
distance between the light source and MB solution was
used, and a UV/Vis spectrophotometer (PerkinElmer,
Seer Green, UK) was employed to measure the absor-
bance peak height. Measurements were taken every hour
over a total of 5 h.
Using the above approach, photoactivity values were
recorded for all the TiO2 and TiO2–Mo coatings, and
from those results, the optimal dopant level was identi-
ﬁed. Samples with that composition were then tested in
the presence of soiling (20 μl dried on undiluted beer)
under UV and ﬂuorescent light.
Antimicrobial activity
Microorganisms
Escherichia coli (ATCC 8,739) was used as a model
organism in the ﬁrst instance. Microorganisms isolated
from brewery surfaces were obtained from VTT Culture
Collection and included Pseudomonas rhodesiae
E-031,889, Serratia marcescens E-031,888, and Wicker-
hamomyces anomalus C-02,470. E. coli, P. rhodesiae,
and S. marcescens were cultured on Nutrient agar
(Oxoid, Basingstoke, UK) and W. anomalus on YM agar
(Difco, Detroit, MI). Incubation was at 37°C for E. coli,
30°C for P. rhodesiae and S. marcescens, and 25°C for
W. anomalus for 24–48 h.
Light source
For the antimicrobial assays, surfaces were illuminated
(wavelength range of 300–700 nm) in a cooled incubator
(Gallenkamp, Loughborough, UK) ﬁtted with six ﬂuores-
cent lamps (Sylvania, Ontario, Canada) with an energy
output of 6.4 mW cm2. The intensity of irradiation was
previously determined at the surface of the coating. The
temperature was set at 20°C.
Antimicrobial assay
Measurements of the antimicrobial activity of the
TiO2–Mo photocatalytic surfaces were performed using
ISO 27447:2009 as guidance (with minor modiﬁcations).
A single colony of each organism was placed in 10 ml
of Nutrient broth (Oxoid) or YM broth (Difco) for
W. anomalus and incubated for 18–24 h at the appropri-
ate temperature in a shaker incubator set at 150 rpm.
Suspensions were centrifuged at 1,560 g for 10 min and
the cells were washed in Ringer’s solution (Oxoid) prior
to re-centrifugation. An OD540 of 0.08 (Jenway 6305
Spectrophotometer) in Ringer’s solution was obtained
and a 1:10 dilution performed prior to inoculating 50 μl
onto the 2 × 1 cm surfaces (~105 cfu ml−1) contained
within a Petri dish. A 2 × 1 cm polyethylene ﬁlm
(Scientiﬁc Laboratory Supplies, Nottingham, UK) was
placed over the bacterial suspension to ensure even
distribution and the surfaces were placed in a tissue
culture tray (Corning, Halstead, UK) with the lid on and
placed under ﬂuorescent light set up in a 20°C incubator
under static conditions. The humidity was carefully
maintained to avoid suspensions drying on the surface.
At selected time points (0, 12, 24 and 48 h), surfaces
were removed and vortexed for 1 min in a neutralizing
broth (20 g l−1 Soya Lectin (Holland and Barrett,
London) and 30 g l−1 Tween 80 (Sigma Aldrich, Irvine,
UK) to remove attached bacteria (Caballero et al. 2010).
The bacteria removed from the surface were diluted 1:10
in 0.9% sodium chloride (Fisher Scientiﬁc, Fair Lawn,
NJ) as appropriate and 100 μl inoculated and spread onto
the appropriate pre poured agar plate. Colony counts
were performed after overnight incubation. All tests were
carried out in triplicate. Stainless steel was used as a
‘light control’, and a set of coated surfaces was kept in
dark conditions to serve as ‘dark controls’.
Tests were performed on the 2 × 1 cm TiO2–Mo
coatings immediately after annealing and on coatings
that had been soiled with either undiluted beer or diluted
beer (10%). Beer used to simulate soiling was a pasteur-
ized, commercial product (water, alcohol, protein, carbo-
hydrates, vitamins, and minerals). Twenty microlitres of
undiluted or beer diluted in sterile distilled water was
dried onto the surfaces prior to the application of 50 μl
of 105 cfu ml−1 bacterial suspension. The effect of soiling
on microbial inactivation was examined over an irradia-
tion period of up to 96 h.
Minimum inhibitory concentration determination
In order to determine the minimum inhibitory concentra-
tions (MICs) of Mo, an agar incorporation method was
used (Wiegand et al. 2008). Stock solutions (1,000 mg l−1)
of Mo standard for AAS (Sigma Aldrich, Dorset, UK) in
liquid form were serially diluted to cover concentrations
ranging from 0.25 to 5 mg l−1. Since stock solutions of
Mo also contained 10% hydrochloric acid, serial dilutions
were also performed as above using hydrochloric acid
(Fisher Scientiﬁc) alone (1.02 Mol) to ensure the MICs
Biofouling 913
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were due to the metal and not the acid. A 0.5 McFarland
standard suspension (~1.5 × 108 cfu ml−1) of each of the
test cultures was made, and a swab stick was dipped into
the suspension and spread onto the surface of a portion of
the Mo incorporated agar. The bacterial suspension
was left to dry prior to incubation at the appropriate
temperature for 24 h. The test was performed three times,
and results showing the concentration where no visible
microbial growth was evident, which agreed on two or
more occasions, were adopted as the MIC.
Measurement of molybdenum ion release by inductively
coupled plasma atomic emission spectroscopy (ICP-
AES)
A Varian Vista AX CCD inductively coupled plasma
atomic emission spectrometer (ICP-AES) (Varian Inc.,
Yarnton, UK) was used to assess any Mo ion release
from the deposited thin ﬁlm coatings. Surfaces were
individually placed into a Petri dish to which 20 ml of
HPLC-grade water (Fisher Scientiﬁc) were added and
incubated under ﬂuorescent lighting in a 20°C incubator.
At 2, 4, 8, 24, 48, 72, 96, and 168 h, surfaces were
transferred to fresh HPLC-grade water whilst the previ-
ous sample was kept for analysis by ICP-AES. All sam-
ples were frozen at –85°C prior to analysis.
Molybdenum ion release was calculated from calibration
curves (0.1–5 ppm), and all tests were carried out in
triplicate.
Statistics
A two-tailed homoscedastic Student t-test was performed
using Microsoft Excel 2010 to compare datasets. If the p
value was <0.05, then results were statistically
signiﬁcant.
Results
Coating characterization and photocatalytic activity
TiO2 and TiO2–Mo coatings were deposited as thin ﬁlms
onto stainless steel substrata using magnetron sputtering.
The Mo dopant levels, determined by EDX analysis,
increased with increasing power delivered to the Mo
target and ranged from 2.69 to 11.81 at% (Table 1). Pho-
tocatalytic activity levels (PaUV and PaFL values) for the
annealed coatings, determined from the MB tests, are
also listed in Table 1. From these data, it can be seen
that the highest activity under both light sources was
achieved by the coatings doped at 6.95 at% of Mo.
The annealed TiO2–6.95 at% Mo coatings were
analysed by XRD (Figure 1) and Raman spectroscopy
(Figure 2). The XRD pattern showed the presence of the
(1 0 1) anatase peak at 2θ = 25.4° and the (1 1 0) rutile
Table 1. Dopant levels, predominant crystalline structure, and photocatalytic activity levels under UV and ﬂuorescent light (FL)
irradiation for Mo-doped titania coatings deposited onto stainless steel substrata.
Sample type Power to Mo target (W) At.% Mo Annealing temperature (°C) Crystal structure PaUV PaFL
TiO2 0 0 600 Anatase 0.69 0.41
TiO2–Mo 100 2.69 600 Anatase 0.73 0.54
TiO2–Mo 150 5.48 600 Anatase/rutile 0.77 0.47
TiO2–Mo 180 6.95 600 Anatase/rutile 0.88 0.72
TiO2–Mo 240 11.81 600 Amorphous 0.57 0
Pa = photocatalytic activity values under UV light and FL light.
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Figure 2. Raman spectra of a 6.95 at.% TiO2–Mo surface
annealed at 600°C showing the crystal (anatase) structure of
the coating.
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peak at 2θ = 27.4° and several other minor peaks. The
sample also showed the presence of some monoclinic
β-titania. In contrast, the Raman spectrum showed only
anatase peaks at 144, 389, 515, and 638 cm−1. Based on
these analyses, the assumption must be that the structure
of the TiO2–6.95 at% Mo coatings after annealing in air
at 600°C was a mixed phase, anatase/rutile structure,
but the relative proportions of each phase were not
determined.
The photocatalytic activity of soiled surfaces
Photocatalytic activity of the TiO2–Mo surface in the
absence and presence of soiling (undiluted beer) was
demonstrated via the degradation of MB (Table 2).
Doping TiO2 with Mo considerably improved photoac-
tivity under ﬂuorescent light. The apparent increase in
photoactivity of soiled surfaces under ﬂuorescent irradia-
tion will require further investigation.
Antimicrobial activity
The antimicrobial activity demonstrated by the TiO2–Mo
surfaces was investigated against E. coli and microorgan-
isms isolated from brewery surfaces that included
P. rhodesiae, S. marcescens, and W. anomalus. The
TiO2–Mo-coated surface proved effective against the
model organism E. coli with counts from an unsoiled
surface reducing to below the limit of detection (<10 cfu
cm−2) within 1–4 h (Figure 3). P. rhodesiae (Figure 4a)
counts were also reduced to <10 cfu cm−2 and
Table 2. Photocatalytic activity values of TiO2 and TiO2–Mo
surfaces as determined by the degradation of MB, under UV
and ﬂuorescent light (FL).
Surface
coating Treatment PaUV PaFL
TiO2 Unconditioned 0.69 0.41
TiO2–Mo Unconditioned 0.88 0.72
TiO2–Mo Conditioned 0.77 0.77
Pa = photocatalytic activity values under UV light and FL light.
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Figure 3. Antimicrobial effect of TiO2–Mo surfaces on E. coli
without soil. Stainless steel surfaces were used as controls, and
light and dark conditions were investigated. The assay was per-
formed in triplicate, and each point represents the mean with
the SD. SDs may not be visible at every point, as they were
very small, and some lines may superimpose each other.
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Figure 4. Antimicrobial effect of TiO2–Mo surfaces on P.
rhodesiae (a) without soil, (b) with undiluted soil (beer), and
(c) with dilute soil (10% beer). Stainless steel surfaces were
used as controls, and light and dark conditions were investi-
gated. The assay was performed in triplicate, and each point
represents the mean with the SD. SDs may not be visible at
every point, as they were very small.
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S. marcescens (Figure 5a) to 65 cfu cm−2 within 24 h.
Further tests need to be conducted against P. rhodesiae
and S. marcescens to investigate the rate of kill over
shorter irradiation times. W. anomalus (Figure 6a) counts
at 72 h were reduced by ~ 1-log to >104 cfu cm−2. The
presence of brewery soil in the form of undiluted beer
on the TiO2–Mo surfaces reduced the antimicrobial
effectiveness, and growth of all brewery organisms rather
than inhibition was seen (Figures 4b, 5b, 6b). The pres-
ence of dilute beer (10%) on the surfaces did not reduce
the antimicrobial activity of the coatings. No viable
P. rhodesiae cells (Figure 4c) were recovered from the
TiO2–Mo coatings after 24 h irradiation, and <70 cfu cm
−2
of S. marcescens (Figure 5c) remained. W. anomalus
(Figure 6c) counts after 72 h irradiation were >103
cfu cm−2, although this was a signiﬁcant (p < 0.05)
decrease compared with the non-antimicrobial surface.
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Figure 5. Antimicrobial effect of TiO2–Mo surfaces on
S. marcescens (a) without soil, (b) with undiluted soil (beer),
and (c) with dilute soil (10% beer). Stainless steel surfaces
were used as controls, and light and dark conditions were
investigated. The assay was performed in triplicate, and each
point represents the mean with the SD. SDs may not be visible
at every point, as they were very small, and some lines may
superimpose each other.
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Figure 6. Antimicrobial effect of TiO2–Mo surfaces on
W. anomalus (a) without soil, (b) with undiluted soil (beer),
and (c) with dilute soil (10% beer). Stainless steel surfaces
were used as controls, and light and dark conditions were
investigated. The assay was performed in triplicate, and each
point represents the mean with the SD. SDs may not be visible
at every point, as they were very small, and some lines may
superimpose each other.
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Bacteria were inactivated more readily than the yeast,
and the TiO2–Mo surfaces were also as active in dark
conditions as in the light.
MIC determination and molybdenum ion release by
inductively coupled plasma atomic emission
spectroscopy (ICP-AES)
The MIC results showed that E. coli, P. rhodesiae and
S. marcescens were more susceptible to Mo than W. anoma-
lus (Table 3). ICP-AES was used to detect Mo ion release
from the thin ﬁlm coating over a duration of 7 days
(Figure 7). An initial burst of Mo ions (0.73 ppm) over the
ﬁrst 2 h was recorded followed by a sudden decline and
then a steady low concentration release. The low concen-
tration of Mo ions (<0.04 ppm) being released after the
initial 48 h suggests that Mo is retained on the surface and
is not readily leachable.
Discussion
The development of novel functional photocatalytic sur-
faces that are activated using ﬂuorescent light could play
an important role in aiding the reduction of microbial
contamination within environments such as the brewing
industry. It is well known that microbial numbers
decrease when in contact with a TiO2 surface that has
been illuminated with UV light. For example, Kikuchi
et al. (1997), found that a suspension of E. coli (3 × 104
cfu ml−1) deposited onto TiO2-coated glass was eradi-
cated within 1 h of exposure to UV light (1 mW cm−2).
The use of UV lighting in indoor environments can,
however be hazardous; thus, in this work, by doping
TiO2 with Mo, photocatalytic activity under ﬂuorescent
lighting was enhanced, as determined by the degradation
of MB (Table 2). The crystal structure of the TiO2–Mo
coating was in the mixed phase anatase/rutile form.
Despite the anatase form being known as the most pho-
toactive, in this instance it appeared that the mixed phase
structure helped improve photoactivity. Other researchers
have also shown that mixtures of anatase and rutile show
a synergistic effect and enhanced photocatalytic activity
(Boehme & Ensinger 2011). The Degussa P-25 TiO2
powder (Evonik Degussa GmbH), a standard material
used for photocatalytic reactions, has enhanced activity
owing to the rutile/anatase mixed phase ratio of 1:4
(Ohno et al. 2001).
The antimicrobial effect of the TiO2–Mo photocata-
lytic coatings was ﬁrst tested using E. coli as a model
organism. Since counts were reduced from >105 cfu cm−2
to <10 cfu cm−2 within 1–4 h, tests were performed to
examine the photocatalytic effect on microbial brewery
isolates. Within 24 h of irradiation under ﬂuorescent
light, P. rhodesiae and S. marcescens counts decreased
by 5 logs. Longer irradiation times were investigated to
determine whether complete microbial kill could be
achieved and to reﬂect the time between cleaning proce-
dures in an industrial setting following a typical long
production run. W. anomalus counts after longer ﬂuores-
cent light exposure (72 h) were still >104 cfu cm−2. How-
ever, this was less than the non-antimicrobial surface.
The fact that higher numbers of yeast cells remained
attached to the surface could be due to differences in the
cell wall structure, or the larger size and increased com-
plexity of the eukaryotic cells, which could make them
more resistant in nature to oxidative agents, compared
with bacterial cells, and thus more resistant to killing. It
was also noted that the Mo MIC for W. anomalus was
>4 times higher than for the bacterial strains used. The
TiO2–Mo surfaces were also active in the dark. This sug-
gests that the coating could have a dual function, being
both photoactive under visible light as determined by the
degradation of MB (Table 2) and antimicrobial.
With the ability of microorganisms to adapt to a vari-
ety of environmental situations, it is not surprising that
resistance to broadly used disinfectants has been reported
(McDonnell & Russell 1999). The photocatalytic mode
of killing through the formation of radical species targets
no particular site within a microbe and avoids the poten-
tial of resistance development (Page et al. 2009). As the
Mo-doped surface also proved to be antimicrobial, resis-
tance development, however, should not be an issue,
since metal antimicrobials may target multiple sites in
Table 3. Minimum inhibitory concentration (MIC) of Mo
against E. coli, P. rhodesiae, S. marcescens, and W. anomalus.
MIC (mg l−1)
E. coli 2–3
P. rhodesiae 2–3
S. marcescens 2–3
W. anomalus 10–15
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 20 40 60 80 100 120 140 160 180
M
o 
co
nc
en
tr
at
io
n 
(p
pm
)
Release time (h)
Figure 7. Molybdenum ion release determined by ICP-AES
over 168 h. Tests were performed in triplicate, and each point
represents the mean with the SD.
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the cell (Yasuyuki et al. 2010), and to the authors’
knowledge, no case of microbial resistance to Mo metal
has been reported. Nevertheless, the importance of moni-
toring for signs of the emergence of resistance to Mo
over long exposure times should be highlighted and
always considered when introducing new strategies for
disinfection.
In the dispensing and bottling section of a brewery, it
is common for process surfaces to become covered by a
conditioning ﬁlm formed by the absorption of various
organic materials (Jullien et al. 2008) from residual beer.
The application of dilute beer to the surface closely
mimics an in situ brewery environment, where in the
dispensing and bottling process cleaning procedures,
including rinsing with jets of water, would cause residual
beer to become diluted. Dilute beer applied to the
TiO2–Mo surface resulted in a 5-log reduction in
P. rhodesiae and S. marcescens and a 2-log reduction in
W. anomalus. Numerous articles have been published
with conﬂicting data regarding the effects of conditioning
ﬁlms on bacterial attachment. Barnes et al. (1999) treated
stainless steel coupons with skimmed milk and subse-
quently challenged them with bacteria. They found milk
reduced the adhesion of bacteria compared with
untreated surfaces. Conversely, Verran and Whitehead
(2006), found that signiﬁcantly higher numbers of cells
were retained on stainless steel surfaces treated with
bovine serum albumin than on those without. In a study
by Ahmed et al. (2011), the photocatalytic degradation
of 0.5% w/v human serum albumin (HSA) on TiO2 and
TiO2–Ag ﬁlms was examined. Changes in protein con-
formation consistent with denaturation and enhanced
binding and oxidation, thought to be induced through a
photocatalytic mechanism, were found by Raman spec-
troscopy. The ability of photocatalysis to break down a
low concentration of HSA may indicate a similar process
with the dilute beer on the TiO2–Mo surface. This will
be investigated in future work. Likewise, Fujishima et al.
(2000) state that photocatalysts are not especially useful
at breaking down large volumes of soilage, but they are
capable of destroying it as it accumulates, and Araújo
et al. (2013) report on how, in the presence of interfering
substances, the antimicrobial effectiveness of quaternary
ammonium compounds was reduced and depended on
the type of interfering substance. To the authors’ knowl-
edge, no other reports have been published speciﬁcally
relating to the effect a brewery soil on a TiO2–Mo pho-
tocatalytic surface has on microbial numbers.
As the TiO2–Mo surfaces were equally active in the
dark as in the light, it was difﬁcult to discern whether
photocatalysis or the innate antimicrobial nature of Mo
had the greater effect on reducing microbial numbers. In
previous unpublished work by the authors, the addition
of niobium to TiO2 demonstrated photocatalytic activity
against E. coli (5-log reduction) under ﬂuorescent light
but not in the dark. However, surfaces were not tested in
the presence of a conditioning ﬁlm. With the Mo-doped
surfaces, the MB results (Table 2) clearly showed
increased visible light activity, conﬁrming photocatalytic
activity. In addition, the activity demonstrated against the
bacteria in the dark conferred a dual-functioning surface
with an antimicrobial ability.
The photocatalyic and antimicrobial approach to
reducing microbial fouling in the brewery environment
could have many beneﬁcial effects. Preventing the accu-
mulation of microbial populations on process surfaces
during long production runs would also reduce current
cleaning costs owing to lower energy, water, and chemi-
cal consumption (Priha et al. 2011). Reducing production
downtime as a result of potentially less frequent or
shorter cleaning times, as cleaning is made easier owing
to the hydrophilic nature of the surface, would enable
greater product throughput. This would be beneﬁcial eco-
nomically, environmentally, and in terms of reducing
human exposure to harsh chemical disinfection regimes.
Additionally, the sustainable nature of the photocatalytic
technology makes the use of such surfaces an environ-
mentally friendly process. The TiO2–Mo-coated surfaces
also proved to be usable in a wet environment. However,
fouling build-up over time needs to be monitored, as too
much fouling makes the surface less effective. Surfaces
need to be further assessed to ensure they are robust, as
good environmental stability of the coating is crucial for
long-term durability, and surfaces would require tests to
ensure they can withstand in-place cleaning protocols. In
the manufacture of the surfaces, deposition parameters
and surface characteristics must be controlled in order to
maintain optimum photocatalytic activity, and although
the Mo-doped surface is also active in the dark, there
should be sufﬁcient light in the environment for photocat-
alytic activity. The size of the surface that can be coated
would need to be upscaled to an industrial level and the
length of time examined to establish if and how long
before recoating of surface is required. Investigations to
enhance the hygienic status of process surfaces in the
brewing industry by application of the TiO2–Mo coating
in comparison with stainless steel are currently underway.
A similar study carried out by Priha et al. (2011) to
determine whether process hygiene in the beverage
industry could be improved by applying TiO2 to stainless
steel with or without added antimicrobial compounds
(silver) was investigated in laboratory attachment tests
and in a 15-month process study. Photocatalytic coatings
containing silver reduced microbial coverage in labora-
tory studies and in some process samples, but some of
the TiO2 coatings were damaged, and most of the precip-
itated Ag had eluted. The TiO2–Mo coatings used in this
study showed an initial release of Mo ions followed by a
decline to low steady-state concentrations (<0.04 ppm).
The lack of Mo ions leaching from the surface would be
918 L. Fisher et al.
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of beneﬁt in process trials, and this would ensure that
undesirable chemicals would not reach the end product.
In conclusion, the study describes the development
of a functional surface consisting of a thin ﬁlm coating
of TiO2 doped with Mo deposited by magnetron sputter-
ing, for use in enhancing the hygienic status of surfaces
in environments where microbial fouling and surface
conditioning are likely. The original intention of doping
with Mo was to bring photocatalytic activity into the vis-
ible spectrum. Microbiological studies additionally dem-
onstrated an antimicrobial effect of the Mo; thus the
coating presents a dual function. The coating signiﬁ-
cantly reduced microbial numbers even in the presence
of a typical brewery soil. Thus, the surface may act as a
secondary level defence against microbial populations
and proliferation between disinfection/cleaning cycles.
Acknowledgements
Funding for this work from the Technology Strategy Board is
gratefully acknowledged. The work reported in this paper
formed part of the Matera+ project, ‘Disconnecting microbes
from food and beverage process surfaces’ carried out in part-
nership with a complementary study in Finland, which was
funded by the Finnish Funding Agency for Technology and
Innovation (Tekes). Partners in the larger project were Teer
Coatings Ltd, Cristal (UK), and VTT Technical Research Cen-
tre of Finland, Tampere University of Technology, Millidyne
surface technology and PBL Brewing Laboratory (Finland), to
whom thanks are also given.
References
Ahmed MH, Keyes TE, Byrne JA, Blackledge CW, Hamilton
JW. 2011. Adsorption and photocatalytic degradation of
human serum albumin on TiO2 and Ag–TiO2 ﬁlms. J Pho-
tochem Photobiol A Chem. 222:123–131.
Araújo PA, Lemos M, Mergulhão F, Melo L, Simões M. 2013.
The inﬂuence of interfering substances on the antimicrobial
activity of selected quaternary ammonium compounds. Int
J Food Sci. 237581:1–9.
Barnes LM, Lo MF, Adams MR, Chamberlain AHL. 1999.
Effect of milk proteins on adhesion of bacteria to stainless
steel surfaces. Appl Environ Microbiol. 65:4543–4548.
Boehme M, Ensinger W. 2011. Mixed phase anatase/rutile
titanium dioxide nanotubes for enhanced photocatalytic
degradation of methylene-blue. Nano Micro Lett. 3:236–241.
Caballero L, Whitehead KA, Allen NS, Verran J. 2010. Photo-
inactivation of Escherichia coli on acrylic paint formula-
tions using ﬂuorescent light. Dyes Pigm. 86:56–62.
Costerton JW, Lewandowski Z, Caldwell DE, Karber DR,
Lappin Scott H. 1995. Microbial bioﬁlms. Annu Rev
Microbiol. 49:711–745.
Daviðsdóttir S, Canulescu S, Dirscherl K, Schou J, Ambat R.
2013. Investigation of photocatalytic activity of titanium
dioxide deposited on metallic substrates by DC magnetron
sputtering. Surf Coat Tech. 216:35–45.
Foster HA, Ditta IB, Varghese S, Steele A. 2011. Photocatalytic
disinfection using titanium dioxide: spectrum and mecha-
nism of antimicrobial activity. App Microbio Biotech.
90:1847–1868.
Frank SN, Bard AJ. 1977. Heterogeneous photocatalytic oxida-
tion of cyanide ion in aqueous solutions at TiO2 powder. J
Am Chem Soc. 99:303–304.
Fujishima A, Honda K. 1972. Electrochemical photolysis of
water at a semiconductor electrode. Nature. 238:37–38.
Fujishima A, Rao TN, Tryk DA. 2000. Titanium dioxide
photocatalysis. J Photochem Photobiol C Photochem Rev.
1:1–21.
Houas A, Lachheb H, Ksibi M, Elaloui E, Guillard C,
Herrmann J-M. 2001. Photocatalytic degradation pathway
of methylene blue in water. Appl Catal B Env. 31:145–
157.
International organization for standardization [ISO]
27447:2009. Fine ceramics (advanced ceramics, advanced
technical ceramics). Test method for antibacterial activity
of semiconducting photocatalytic materials.
Jullien C, Benezech T, Le Gentil C, Boulange-Petermann L,
Dubois PE, Tissier JP, Traisnel M, Faille C. 2008. Physico-
chemical and hygienic property modiﬁcations of stainless
steel surfaces induced by conditioning with food and deter-
gent. Biofouling. 24:163–172.
Kikuchi Y, Sunada K, Lyoda T, Hashimoto K, Fujishima A.
1997. Photocatalytic bactericidal effect of TiO2 thin ﬁlms:
dynamic view of the active oxygen species responsible for
the effect. J Photochem Photobiol A Chem. 106:51–56.
Laing K, Hampshire J, Teer D, Chester G. 1999. The effect of
ion current density on the adhesion and structure of coat-
ings deposited by magnetron sputter ion plating. Surf Coat
Techn. 112:177–180.
McDonnell G, Russell AD. 1999. Antiseptics and disinfectants:
activity, action, and resistance. Clin Microbiol Rev.
12:147–179.
Ohno T, Sarukawa K, Tokieda K, Matsumura M. 2001. Mor-
phology of a TiO2 photocatalyst (Degussa, P-25) consist-
ing of anatase and rutile crystalline phases. J Catal.
203:82–86.
Page K, Wilson M, Parkin IP. 2009. Antimicrobial surfaces and
their potential in reducing the role of the inanimate envi-
ronment in the incidence of hospital-acquired infections. J
Mater Chem. 19:3819–3831.
Priha O, Laakso J, Tapani K, Levanen E, Kolari M, Mantyla T,
Storgards E. 2011. Effect of photocatalytic and hydropho-
bic coatings on brewery surface microorganisms. J Food
Prot. 74:1891–1901.
Ratova M, Kelly PJ, West GT, Iordanova I. 2013. Enhanced
properties of magnetron sputtered photocatalytic coatings via
transition metal doping. Surf Coat Tech. 228:S544–S549.
Storgårds E. 2000. Process hygiene control in beer production
and dispensing. Espoo: VTT Technical Research Centre of
Finland, University of Helsinki.
Verran J, Whitehead KA. 2006. Assessment of organic materi-
als and microbial components on hygienic surfaces. Food
Bioprod Proc. 84:260–264.
Wiegand I, Hilpert K, Hancock REW. 2008. Agar and broth
dilution methods to determine the minimal inhibitory con-
centration (MIC) of antimicrobial substances. Nat Protoc.
3:163–175.
Wilke K, Breuer HD. 1999. The inﬂuence of transition metal
doping on the physical and photocatalytic properties of tita-
nia. J Photochem Photobiol A Chem. 121:49–53.
Yasuyuki M, Kunihiro K, Kurissery S, Kanavillil N, Sato Y,
Kikuchi Y. 2010. Antibacterial properties of nine pure met-
als: a laboratory study using Staphylococcus aureus and
Escherichia coli. Biofouling. 26:851–858.
Biofouling 919
D
ow
nl
oa
de
d 
by
 [M
an
ch
es
ter
 M
etr
op
oli
tan
 U
niv
ers
ity
], 
[L
ea
nn
e F
ish
er]
 at
 06
:46
 03
 Se
pte
mb
er 
20
14
 
The effect of process parameters on the structure, photocatalytic and
self-cleaning properties of TiO2 and Ag-TiO2 coatings deposited using
reactive magnetron sputtering
P. Navabpour a,⁎, S. Ostovarpour b, J. Hampshire a, P. Kelly b, J. Verran b, K. Cooke a
a Teer Coatings Ltd, Miba Coating Group, West Stone House, Berry Hill Industrial Estate, Droitwich WR9 9AS, UK
b Manchester Metropolitan University, Faculty of Science and Engineering, Chester Street, Manchester M1 5GD, UK
a b s t r a c ta r t i c l e i n f o
Article history:
Received 12 November 2013
Received in revised form 7 October 2014
Accepted 7 October 2014
Available online 16 October 2014
Keywords:
Reactive magnetron sputtering
Silver
Titanium dioxide
Photocatalysis
Antimicrobial property
This article reports on the morphology, structure, wettability, photocatalytic and mechanical properties of TiO2
and Ag-TiO2 thin ﬁlms, with the latter also displaying antimicrobial activity. The coatings were deposited using
reactive closed ﬁeld unbalanced magnetron sputtering. It was possible, by varying the process parameters, to
tailor the structure and composition of the coatings. TiO2 coatings which were deposited from a single titanium
target (thickness ~1 μm) were relatively dense with low crystallinity and a mixed anatase and rutile structure.
The addition of silver resulted in the formation of submicron sized silver particles dispersed throughout the coat-
ing. TiO2 coatings deposited from two titanium targets (thickness ~2 μm) had a mixed anatase and rutile
structure with a less dense topography. Ag-TiO2 coatings deposited using this process showed a uniform
dispersion of silver throughout the coating. All coatings presented excellent adhesion to the substrate and high
photocatalytic activity under ﬂuorescent light. Annealing at 600 °C had a detrimental effect on the photocatalytic
activity as well as the mechanical properties of the coatings. The coatings deposited from a single Ti target were
evaluated for their antimicrobial potential against E. coli. No reduction in the number of bacteria was observed
using TiO2. Ag-TiO2 coatings, however, showed antimicrobial properties in the dark as well as light conditions,
as a result of the innate antimicrobial potential of silver.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Titanium dioxide is a widely studied semiconductor. It can be found
in anatase, rutile and brookite crystal structures, with a band gap rang-
ing between 3.0 for the rutile and 3.2 for the anatase structures [1]. Two
main properties result from the presence of the TiO2 band gap:
photoelectrochemical energy conversion (as a semiconductor) and
photocatalytic function [2]. The photoelectrochemical properties open
up applications for this semiconductor in photovoltaics. On the other
hand, its photocatalytic properties mean that TiO2 can catalyse the
degradation of pollutants and microbial organisms, making it attractive
where there is a demand for hygiene and cleanliness. The applications
include food and beverage process surfaces as well as medical devices
and surfaces [3,4].
Several studies have been carried out to investigate the effect of crys-
tal structure of TiO2 on its photocatalytic performance. Whilst some
studies have found a higher activity in the anatase form [5,6], others
have reported the mixed phase anatase/rutile to show a better photo-
catalytic performance [7]. Comparative studies of single phase anatase
and rutile TiO2 have concluded that the photocatalytic activity is depen-
dent on the reaction being studied and different kinetics and intermedi-
aries may be produced in each case [8,9].
Due to its wide band gap, TiO2 is only active under UV irradiation. It
is possible to reduce the band gap of TiO2 using one or more dopants to
shift the activity to the visible range. The use of nitrogen as a dopant has
been reported to result in enhanced visible light photocatalytic activity
and hydrophilicity of TiO2 [10,11]. Iron [12] and iron oxide [13] as well
as a number of other dopants such as carbon nanotubes [14] and
graphene [15] have been reported to increase the photocatalytic activity
of TiO2. Silver has been used both as a dopant to shift the activity of TiO2
to visible light and as an antimicrobial agent [16–18].
TiO2 and doped-TiO2 ﬁlms can be produced using a number of
methods including sol-gel, chemical vapour deposition (CVD) and
magnetron sputtering.
Reactive magnetron sputtering has several advantages over other
coating methods such as sol-gel and CVD. Firstly, it eliminates the
need to use the hazardous chemicals found in some of the other
processes. Also, it is a versatile process in which, by varying the deposi-
tion conditions, both highly dense and porous columnar structures can
be produced depending on the requirements. Furthermore, the deposi-
tion of double layer andmultilayer coatings is easily achieved by the use
Thin Solid Films 571 (2014) 75–83
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of different targets and rotation speeds [19]. Reactive magnetron
sputtering has been widely investigated for the deposition of photocat-
alytic TiO2 coatings. Several groups have described the effect of process
parameters [20], such as total and oxygen partial pressures [21,22], de-
position temperature [23], annealing [24] and doping [12,16] on the
structure and photocatalytic properties of magnetron sputtered TiO2.
Deposition rates of up to 15 nm min−1 have been reported and
unbalanced magnetron sputtering has been shown to produce a higher
deposition rate than the balanced mode [25].
Closed ﬁeld unbalanced magnetron sputtering (CFUBMS) is capable
of producing coatings with high deposition rate and is readily scalable,
making it a suitable process for the deposition of photocatalytic and
self-cleaning coatings for industrial applications, such as food and bev-
erage processing and medical devices. In this paper, we report on the
deposition of TiO2 and Ag-doped TiO2 onto stainless steel substrates
using reactive CFUBMS. The effect of process parameters on the coating
structure, hydrophilicity, photocatalytic and mechanical properties, as
well as the antimicrobial potential of the coatings were investigated.
2. Materials and methods
2.1. Preparation of coatings
TiO2 and Ag-TiO2 coatings were deposited using reactive magnetron
sputtering in a Teer Coatings UDP 450 coating system. One or two tita-
nium targets (99.5% purity) were used for the deposition of TiO2.
Argon (99.998% purity) was used as the working gas and oxygen
(99.5% purity) as the reactive gas. An additional silver (99.95% purity)
target was used for the co-deposition of silver during the process.
Advanced Energy Pinnacle Plus pulsed DC power supplies were used
to power the titanium targets and to bias the substrates. An Advanced
Energy DC power supply was used to power the silver target. The sub-
strate material was 304 stainless steel with a 2B ﬁnish (75 × 25 ×
1.6 mm3). All substrates were ultrasonically cleaned in acetone and
dried prior to loading into the chamber in order to remove surface
contaminants. The substrates were aligned on a ﬂat plate parallel to
the surface of the metal targets at a distance of 150mm from the target
plane. A high rotational speed of 10 rpmwas applied to the substrates to
ensure enhanced mixing of silver and titanium within the coatings
rather than the preferential formation of multilayer coatings.
The substrates were ion-cleaned for a period of 20 min prior to the
coating deposition using a bias voltage of −400 V and a low current
of 0.2–0.35 A on the targets. The coatings were deposited at a bias volt-
age of−40 V. The amount of oxygen was controlled using an optical
emission monitor and, to obtain stoichiometric TiO2, the Ti metallic
emission line intensity was set to 25% of the non-reactive deposition
value. The deposition time was 60 min for all coatings.
2.2. Heat treatment
When used, post deposition heat treatment of the samples was car-
ried out at 600 °C in air using a Prometheus kiln for 30 minutes, after
which they were taken out of the kiln and cooled down at room
temperature.
2.3. Characterisation of the coatings
Scanning electron microscopy (SEM) (Cambridge Stereoscan 200)
was used to investigate themorphology of the coatings. An acceleration
voltage of 15 kV was utilised. The composition and elemental distribu-
tions of the coatings were investigated using a SAMX energy dispersive
X-ray analyser (EDX) system, attached to the SEM. The compositionwas
measured on a minimum of ﬁve locations and the mean ±2σ values
were reported. High resolution SEM images were obtained using a
JEOL 7000 Field Emission SEM (FE-SEM) at an acceleration voltage of
10 kV.
Raman spectroscopy (Renishaw Invia, 514 nm laser) and X-ray dif-
fraction (XRD) (Bruker D8 Advance X-ray Diffractometer) were used
to evaluate the crystal structure of the coatings. XRD measurements
were performed using a Cu Kα radiation (λ=0.154 nm) in 2θ steps of
0.014°, and a low scan speed of 0.01° s−1.
2.4. Mechanical properties
The scratch and wear resistance of the coatings were assessed using
a Teer ST3001 scratch–wear tester [26]. The coated surfaces were eval-
uated using a Rockwell diamond tip (radius 200 μm). A load rate of
100 N min−1 and a constant sliding speed of 10.0 mm min−1 were
used with the load increasing from 10 to 40 N. The scratch tracks were
examined using SEM in order to detect any ﬂaking.
2.5. Contact angle measurements
Advancing drop contact angle measurements with water were
carried out at room temperature on the as deposited coatings using a
contact angle measuring instrument developed in-house. At least 6
measurements were taken for each surface and the reported values
are mean ±2σ.
2.6. Photocatalytic properties
The photocatalytic activity of coatings was determined via the deg-
radation of an organic dye — methylene blue (MB) (Alfa Aesar, UK).
MB is a heterocyclic aromatic dye with a molecular formula of
C16H18ClN3S, and is often used as a model organic compound to mea-
sure photoreactivity [27,28]. Aqueous MB absorbs light most strongly
at about 664 nmwavelength. The absorbance at 664 nm is proportional
to the concentration, C, of MB, according to the Beer-Lambert law. A
graph of C/C0 against irradiation time can, therefore, be plotted which
has an exponential form [29].
The coated substrate was inserted into 10 ml of MB solution
(concentration of 0.105 mMol/l) and left in the dark for 30 min to
allow the equilibrium adsorption level of the dye on the surface to be
reached. The surface was then irradiated with 2 × 15 W ﬂuorescent
tubes at an integrated power ﬂux of 6.4 mW/cm2 (of which the UV
component (300–400 nm) was 1.3 mW/cm2) for 5 h. The beaker was
covered with cling ﬁlm to avoid evaporation of the solution which
could otherwise affect the concentration and peak absorbance of the
MB solution. Optical absorbance measurements of the MB solutions
were taken every 1 h.
2.7. Antimicrobial assays
For the antimicrobial assays, an illuminated cooled incubator
(Gallenkamp, Loughborough, UK) was used. The incubator was ﬁtted
with six ﬂuorescent lamps (Sylvania, Ontario, Canada) with a wavelength
Table 1
Parameters used for the deposition of TiO2 and Ag-TiO2 coatings.
Coating Ti (A) Ti (-V) Ag (A) Ag (-V) Thickness
(μm)
Deposition time
(min)
Ti-I Coatings
Ti1 1 × 6 1 × 410 0.00 0 1.0 40
Ti1-Ag1 1 × 6 1 × 390 0.25 300 1.1 40
Ti1-Ag2 1 × 6 1 × 390 0.60 330 1.9 40
Ti-II Coatings
Ti2 2 × 6 2 × 415 0.00 0 2.0 60
Ti2-Ag1 2 × 6 2 × 415 0.50 215 2.0 60
Ti2-Ag2 2 × 6 2 × 415 0.70 230 2.1 60
Ti2-Ag3 2 × 6 2 × 430 0.90 330 3.0 60
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range of 300-–700 nm and an energy output of 6.4 mW/cm2. The tem-
perature was set at 20 °C.
Escherichia coli ATCC 8739 was used throughout the study. Fifty mi-
croliter aliquots of the cell suspension were inoculated onto the surface
of both the photocatalyst and 304 2B stainless steel control surfaces
(1 cm x 2 cm) in a Petri dish. In order to spread out the liquid evenly,
a polyethylene ﬁlm was gently pressed onto the drop. The lid was
then placed on the Petri dish. Four round Petri dishes plus contents
were placed in one large square Petri dish which contained sterilized
moistened tissues, to prevent cultures drying during light exposure.
The efﬁciency of photocatalytic inactivation was examined at four irra-
diation times (0, 12, 24 and 48 h). At each time cells were collected from
the sample surface and polyethylene ﬁlm by dry swabbing. The swabs
were transferred into 10 ml of neutralizing solution 20 g l−1 Soya
Lethicin (Holland and Barrett, UK) and 30 g l−1 Tween 80 (Sigma
Aldrich, UK) and vortex mixed. The viable population associated with
these samples was enumerated by plating serial dilutions (to 10−7)
onto nutrient tryptone soya agar (TSA), and incubating at 37 °C for
24 h. At the end of the incubation period colonies on the agar plates
were counted and the number of colony forming units (CFU) per mL
was calculated. Counts were used from agar plates showing 15–300 col-
onies [30].
Two controls were included in each experiment; dark control (Petri
dishes covered by aluminium foil) and a light control (uncoated stain-
less steel). Three replicates were used for each treatment time. Each
Fig. 1. SEM images of the as-deposited coatings on 304 2B stainless steel substrates: (a) Ti1, (b) Ti1-Ag1, (c) Ti1-Ag2, (d) Ti2-Ag1 (e) Ti2-Ag2 and (f) Ti2-Ag3.
Table 2
Relative metallic composition of the Ag-TiO2 coatings (i.e. ignoring oxygen content).
Coating Ti (at%) Ag (at%)
Ti1-Ag1 82.1 ± 1.6 17.9 ± 1.6
Ti1-Ag2 48.2 ± 12.0 51.8 ± 12.0
Ti2-Ag1 96.4 ± 1.0 3.6 ± 1.0
Ti2-Ag2 94.3 ± 1.8 5.7 ± 1.8
Ti2-Ag3 47.5 ± 1.2 52.5 ± 1.2
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Fig. 2. Raman spectra for as-deposited coatings (a) Ti1, (b) Ti2, (c) Ti1-Ag1, (d) Ti1-Ag2,
(e) Ti2-Ag1 and (f) Ti2-Ag2 indicating the position of anatase and rutile peaks.
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experimentwas repeated three times. Student two tail t- testswere per-
formed to test the signiﬁcance of the results. If the p value is less than
0.05, results are statistically signiﬁcant.
3. Results and discussion
Table 1 shows the parameters used for the deposition of TiO2 and
Ag-TiO2 coatings. Coatingswere deposited either fromone titanium tar-
get (Ti-I oxide coatings) or two titanium targets (Ti-II oxide coatings)
with a (time-averaged) pulsed DC (pulse width: 500 ns, frequency:
50 kHz, giving a duty cycle of 97.5%) current of 6 A. The current applied
to the silver magnetron was varied between 0.25 and 0.9 A in order to
obtain a range of silver loadings. Deposition rates varied between
25 nm min−1 for Ti-I coatings and 50 nm min−1 for Ti2-Ag3, which
were much higher than the sputtered TiO2 coatings reported in the
literature [16,25], showing the viability of this process for industrial ap-
plications. SEMmicrographs of the coatings (Fig. 1) showed that, in Ti-I
coatings, increasing the power applied to the silver target resulted in the
formation of microparticles within the coating. EDX conﬁrmed that the
microparticles were formed of silver. The separation of silver could not
be detected in the case of the Ti-II coatings and a much improved silver
distribution was obtained. The relative Ti and Ag contents in the coat-
ings are given in Table 2. The silver content in Ti1-Ag2 and Ti2-Ag3
was similar, conﬁrming that the reason for the different morphologies
observed was the variation in the coating process.
The structure of the as-deposited coatings was analysed using
Raman spectroscopy (Fig. 2) and XRD (Fig. 3). The Raman spectrum
for Ti1 showed low crystallinity with small peaks at 440 and
610 cm−1 which are characteristic of the rutile structure, whilst Ti2
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Fig. 3. XRD patterns of the as-deposited TiO2 and Ag-TiO2 coatings (S – substrate, An –
anatase, Ru – rutile, Ag – silver).
Fig. 4. Scanning electron micrographs of coatings after annealing (a) Ti1-Ag1, (b) Ti1-Ag2, (c) Ti2-Ag1, (d) Ti2-Ag2 and (e) Ti2-Ag3.
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had strong peaks characteristic of a mixed rutile and anatase structure.
All Ag-TiO2 coatings showed low crystallinity of the TiO2 phase. XRD
conﬁrmed these ﬁndings. Furthermore, the XRD patterns for Ag-TiO2
coatings showed characteristic peaks for silver, which increased in in-
tensity with increasing the silver content. All of the silver appeared to
be in metallic form with no characteristic peaks from silver oxides.
The higher crystallinity of Ti2 may be related to the higher temperature
and deposition rate of this coating compared to Ti1, resulting from the
use of two targets, which caused increased substrate bias current and
hence power dissipation in the growing ﬁlms. It has been suggested
that an amorphous matrix allows silver to diffuse more easily and to
form larger silver particles than a crystalline matrix [31]. The improved
silver dispersion in the Ti2- coatings may be a result of the higher crys-
tallinity of the matrix in these coatings.
Annealing has been reported to increase the crystallinity and photo-
catalytic properties of coatings [32,33]. Hence, the coatings were
annealed in air at 600 °C and characterised using SEM, Raman and
XRD. Annealing caused most of the silver to dissociate from TiO2 and
form separate islands, as seen from the SEM images (Fig. 4) and con-
ﬁrmed by EDX analysis (Fig. 5). This is expected due to the high diffu-
sion rate of silver at high temperatures and its high afﬁnity with itself,
compared to the TiO2 matrix which leads to its migration to the surface
of the coatings.
Fig. 6 shows the XRD patterns of the annealed coatings. No signiﬁ-
cant change was observed in the XRD patterns of TiO2 coatings. The
crystallinity of the silver phase in the Ag-TiO2 coatings, however, in-
creased after annealing as observed from the increased sharpness and
intensity of the silver peaks compared to those of the substrate.
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Fig. 5. EDX spectra showing the Ti, O and Ag Gaussian peaks for the bulk and islands on
Ti1-Ag2 coating after annealing.
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Fig. 6.XRDpatterns of the coatings after annealing (S – substrate, An – anatase, Ru – rutile,
Ag – silver).
Table 3
Water contact angle on coatings before and after heat treatment.
Coating Water contact angle (°)
As deposited After heat treatment
Ti1 20.0 ± 2.1 21.9 ± 1.9
Ti1-Ag1 27.0 ± 1.5 25.4 ± 1.2
Ti1-Ag2 58.1 ± 1.1 31.1 ± 1.7
Ti2 21.1 ± 1.8 20.9 ± 1.1
Ti2-Ag1 20.5 ± 0.9 23.7 ± 1.2
Ti2-Ag2 21.0 ± 2.0 24.3 ± 1.5
Ti2-Ag3 20.7 ± 1.3 35.9 ± 1.8
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Fig. 7.Methylene blue absorption peak (664 nm) in the absence of photocatalyst and in
the presence of TiO2 and Ag-doped TiO2 coatings under ﬂuorescent light: (a) coatings
from one Ti target, as-deposited and after annealing at 600 °C, and (b) coatings from
two Ti targets (as deposited).
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Additionally, Ti1-Ag1 and Ti2-Ag3 appeared to develop a rutile structure
after annealing.
Water contact anglemeasurements were carried out as an addition-
al method to characterise the surface of the coatings. Light-induced
superhydrophilicity is widely associated with TiO2 and it has been
suggested to aid the self-cleaning properties of this material [2]. It
may be expected that the TiO2 and doped TiO2 surfaces could be more
effective in an aqueous environment (such as those in food and bever-
age processing), if there was a higher afﬁnity between the surface and
water, thus increasing the contact of the surface with the water-borne
contaminants. Water contact angle was measured on the coatings be-
fore and after heat treatment (Table 3). For Ti-I coatings, increasing
the silver in the coatings resulted in an increase in the water contact
angle. This can be explained in terms of the effect of silver particles
present on the surface of these coatings (water contact angle is ~90°
on silver [34] and ~20° on TiO2). For Ti-II coatings, where the dispersion
of silver in the coating was uniform, the coatings behaved similarly to
the bulk TiO2 and the contact angle did not increase with increasing sil-
ver content. It may therefore be expected that the Ti2-Ag coatings
would be more efﬁcient self-cleaning surfaces than Ti1-Ag surfaces at
the same silver loading, due to their higher hydrophilicity. Heat treat-
ment led to the separation of silver from the TiO2matrix in both coating
sets, resulting in similar surface composition, topography and hence
water contact angle.
The photocatalytic properties of the coatings were evaluated
through themeasurement of the rate ofMB degradation in the presence
of coated surfaces under ﬂuorescent light irradiation (Fig. 7). All the as-
deposited coatings were active. The activity of Ti2 was higher than Ti1
(C/C0 values were 0.45 and 0.50, respectively, after 5 h of irradiation).
The addition of small amounts of silver improved the photocatalytic
activity, most likely due to the reduction of the band gap by the silver
dopant as reported previously in the literature [16]. Increasing the silver
loading had a negative effect on the activity whichmay be related to the
replacement of the photoactive TiO2 with silver. Annealing had a detri-
mental effect on the photocatalytic activity of all surfaces. Initially, this
was considered unexpected as annealing is frequently carried out to im-
prove the crystallinity and hence the photocatalytic activity of coatings.
The differences between the photocatalytic activities in Ti1 and Ti2, as
well as the annealing effect on both coatings may be related to the
difference in the coatings' crystallinity and surface area. Surface area is
an important property of a catalyst as it affects the total catalyst avail-
able to the reacting compound [20], i.e.MB in this case. In order to inves-
tigate the surface morphology of the coatings in more detail, FE-SEM
was used (Fig. 7). Comparison of Ti1 and Ti2 images (Fig. 8a and b)
showed that Ti2 had a more columnar and less dense structure than
Ti1. This is in agreement with the work reported in the literature
which showed that thicker TiO2 was more crystalline with higher sur-
face roughness [16]. The higher surface area resulting from the more
complex topography of Ti2 together with its higher crystallinity than
Ti1 resulted in the higher activity of this coating compared to Ti1.
Fig. 8 further shows that annealing produced denser coatings with
reduced surface roughness (Fig. 7c and d), which combined with the
separation of silver from the TiO2 matrix, resulted in the reduced
activity of the coatings.
The adhesion of the as deposited coatings to the substrate was eval-
uated by scratch testing. All coatings showed good adhesion (critical
load N40 N) with no ﬂaking observed under loads progressing to 40 N
(Fig. 9). After annealing, all coatings showed ﬂaking to varying extents
adjacent to the scratch track (Fig. 10). In some coatings, extensive
ﬂaking was observed all over the surface. This may be related to the
Fig. 8. FE-SEM images of (a) as-deposited Ti1, (b) as-deposited Ti2, (c) annealed Ti1 and (d) annealed Ti2.
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signiﬁcant stress experienced by the coating during the heat treatment
due to a mismatch in thermal expansion coefﬁcients between the coat-
ing and the substrate.
In applications which require high levels of cleanliness, such as food
andmedical applications, it is important that the coatings canwithstand
exposure to cleaning substances. In thiswork, the chemical resistance of
Ag-TiO2 coatings was investigated by immersing the coatings for 2 h in
0.02 MHCl and NaOH solutions. The immersion of coatings in NaOH so-
lution did not affect their morphology or composition. Fig. 11 and
Table 4 present the structure and composition of the coatings after the
HCl immersion tests. HCl solution did not affect the morphology of the
coatings with low silver contents. SEM and EDX analysis of the coatings
with high silver loading (Ti1-Ag2 and Ti2-Ag3) displayed the migration
of silver particles to the coating surface after HCl immersion tests. In
terms of coating composition, HCl exposure caused a small reduction
in the silver content in Ti1-Ag1 and Ti1-Ag2 coatings, although in the
case of Ti1-Ag1, the change was within the measurement error. The
composition of the Ti2- coatings did not change after their exposure to
HCl, possibly due to the enhanced crystallinity of these coatings and bet-
ter distribution of the silver, which reduced the penetration of HCl as
Fig. 10. Scratch tracks of coatings after annealing, showing the coatingﬂaking and delamination around the scratch tracks: (a) Ti1, (b) Ti1-Ag1, (c) Ti1-Ag2, (d) Ti2, (e) Ti2-Ag1, (f) Ti2-Ag2
and (g) Ti2-Ag3.
Fig. 9. scratch tracks of the as-deposited coatings, indicating no ﬂaking at loads of up to 40 N: (a) Ti1, (b) Ti1-Ag1, (c) Ti1-Ag2, (d) Ti2, (e) Ti2-Ag1, (f) Ti2-Ag2 and (g) Ti2-Ag3.
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well as diffusion of silver from the bulk of coating to the surface. In Ti2-
Ag3, which initially had a uniform silver distribution, silver appeared to
diffuse out of the TiO2 matrix after HCl exposure, with the apparent
formation of submicron particles covering the surface (Fig. 11e). EDX
analysis conﬁrmed that these particles were formed of silver.
The antimicrobial potential of coatings are relevant to their self-
cleaning properties and can affect their use in surfaces used within
food and medical environments [35,36]. Initial investigations were
carried out on Ti-I coatings against E. coli (Fig. 12). In the case of control
stainless steel surfaces, some natural reduction in the number of bacte-
ria was observed over time. Ti1 did not show antimicrobial properties in
either dark or after irradiation with ﬂuorescent light. Ti1-Ag1 and
Ti1-Ag2 coatings had high antimicrobial properties and eradicated the
bacteria within 12 hours both in the dark and light conditions. The
effect can be related to the innate antimicrobial properties of silver,
irrespective of irradiation [16,37], which is likely to be a result of the
release of silver ions from the coatings [38,39]. Further investigation of
the mechanisms involved in the antimicrobial properties of the Ag-
TiO2 coatings, silver ion release from the coatings and the effect of the
process parameters on these properties are the subject of a further
study.
4. Conclusions
TiO2 and Ag-TiO2 coatings were deposited using reactive closed ﬁeld
unbalanced magnetron sputtering. The coatings were deposited from
one or two titanium targets and coatings without and with varying
silver loadings were produced.
The use of two targets for the deposition of TiO2 (Ti2) resulted in a
coatingwith higher crystallinity and surface area than the use of a single
Ti target (Ti1). The addition of silver to Ti1 produced coatings with
submicron-sized silver islandswith increased hydrophobicity. The addi-
tion of silver to Ti2, however, led to amore uniform distribution of silver
and the coatingswere hydrophilic. All coatings displayed good adhesion
to the substrate and high photocatalytic activity under ﬂuorescent light.
Table 4
Ag content in the coatings before and after exposure to HCl and NaOH.
Coating Ag (at%, i.e. referenced to the metallic content only)
As deposited After HCl exposure After NaOH exposure
Ti1-Ag1 17.9 ± 1.6 14.6 ± 0.8 16.2 ± 1.6
Ti1-Ag2⁎ 51.8 ± 12.0 48.5 ± 5.4 52.0 ± 9.8
Ti2-Ag1 3.6 ± 1.0 3.5 ± 1.0 3.1 ± 0.6
Ti2-Ag2 5.7 ± 1.8 5.7 ± 1.8 5.8 ± 0.6
Ti2-Ag3 52.5 ± 1.2 53.7 ± 4.0 52.1 ± 1.0
⁎ The large variation in silver content in Ti1-Ag2 is due to the phase separation of silver
from the matrix TiO2.
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Fig. 12. The effect of exposure time on the attachment of E. Coli to stainless steel control
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Fig. 11. SEMmicrographs of the as-deposited (a) Ti-Ag1, (b) Ti1-Ag2, (c) Ti2-Ag1, (d) Ti2-Ag2 and (e) Ti2-Ag3 after exposure to HCl.
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Coatings with small amounts of silver gave the best photocatalytic per-
formance. Annealing at 600 °C led to the separation of silver from the
bulk TiO2. It also had a detrimental effect on the photocatalytic activity
and the mechanical properties of the coatings.
Ag-TiO2 coatings with non-uniform silver distribution underwent
silver loss after immersion in a 2 M aqueous HCl solution. Coatings
which initially had a more uniform silver distribution performed better
in chemical resistance tests with no loss of silver after immersion in HCl
for two hours. In the coating with high silver loading (Ag: 52 at%, Ti: 48
at%), however, silver separated from the matrix and formed islands on
the surface after immersion in HCl solution.
Ti1 coating did not show antimicrobial potential against E. coli,
whilst the Ag-TiO2 coatings eradicated the bacterium within 12 hours
without the need for light.
It is therefore concluded that an oxide coating deposited from two
titanium targets with a small amount of silver (Ag/Ti atomic ratio of
3/97–6/94) provides the best combination of mechanical, photocatalyt-
ic and antimicrobial properties and chemical resistance. Hence itmay be
suitable as a self-cleaning and innately antimicrobial surface with
potential for use in food processing and medical environments.
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Abstract: TiO2 coatings deposited using reactive magnetron sputtering and spray coating 
methods, as well as Ag- and Mo-doped TiO2 coatings were investigated as self-cleaning 
surfaces for beverage processing. The mechanical resistance and retention of the photocatalytic 
properties of the coatings were investigated over a three-month period in three separate 
breweries. TiO2 coatings deposited using reactive magnetron sputtering showed better 
mechanical durability than the spray coated surfaces, whilst the spray-deposited coating 
showed enhanced retention of photocatalytic properties. The presence of Ag and Mo dopants 
improved the photocatalytic properties of TiO2 as well as the retention of these properties. 
The spray-coated TiO2 was the only coating which showed light-induced hydrophilicity, 
which was retained in the coatings surviving the process conditions. 
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1. Introduction 
In aquatic environments, microorganisms have a tendency to attach to surfaces along with organic 
and inorganic soil. For example in breweries, microorganisms have been shown to accumulate on sterile 
stainless steel surfaces within hours after the start of production [1]. 
Consumer demand is driving the development of a new group of more sensitive beverages with less 
alcohol, hop substances, and preservatives; however, these products are more prone to spoilage than are 
traditional drinks [2]. There are numerous operations involved in making beer. Each stage has a level of 
cleanliness that needs to be achieved and fouling is encountered at each stage [3]. Attachment of primary 
colonizers to stainless steel has been shown to be increased by sugars and sweeteners [1]. Thus removal 
of these deposits is essential since conditioning of a surface may be followed by biofilm formation. 
Biofilms on bottling plant surfaces are considered as serious sources for potential product spoiling 
microorganisms in the brewing industry [4]. Further, Fornalik [5] noted that minor fouling organisms 
resistant to cleaning in place (CIP) may become more resistant with time. Rheological studies indicated 
that increasing the temperature of the deposit generated a more elastic deposit which may decrease 
cleanability [3]. Thus, regular daily cleaning is needed. The following media are usually used in the 
cleaning process in brewing industry: water and steam, peroxide and alcohol based disinfectants, 
alkaline and acidic detergents and organic solvents [6,7]. There are however numerous drivers for a 
revision of CIP operations including the need to minimise utility usage (energy and water) and 
production downtime, minimisation of waste and greenhouse gas (GHG) emissions, and the need for 
product safety and quality [3]. 
One way to reduce cleaning costs and to improve process hygiene could be to use self-cleaning and 
antimicrobial coatings which can prevent the attachment of microorganisms and soil, or facilitate their 
efficient removal in the cleaning process. 
TiO2 is a widely used semiconductor. It has many different applications in optics [8], the environment [9], 
photovoltaics and solar cells [10,11], self-cleaning [12,13] and antimicrobial coatings [14]. In the 
self-cleaning and antimicrobial applications, the intended mechanism of action is often photocatalytic; 
in which the action of light on the TiO2 coating generates active species that may be detrimental to 
microbes. For these applications, thin TiO2 films with submicron thicknesses are usually employed. 
Several studies have been carried out to investigate the effect of crystal structure on the photocatalytic 
performance of TiO2. Whilst some studies have found a higher activity of the anatase form [15,16], 
others have reported the mixed phase anatase/rutile to show a better photocatalytic performance [17]. 
Comparative studies of single phase anatase and rutile TiO2 have concluded that the photocatalytic 
activity is dependent on the reaction being studied and different kinetics and intermediaries may be 
produced in each case [18,19]. As the surfaces used in the food and beverage industries are exposed to 
adverse environments (contact with water and beverages, cleaning solutions, abrasive wear during 
cleaning), scratch and corrosion resistance play important roles in their mechanical durability and 
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chemical stability. Hence, it is important to satisfy several requirements, including good adhesion to the 
substrate, the retention of high activity and resistance to chemicals. 
The adhesion of any film to its substrate is one of the most important properties of a thin film. The 
level of adhesion depends on the force required to separate atoms or molecules at the interface between 
film and substrate. The adhesion of a film to the substrate is strongly dependent on the chemical nature, 
cleanliness, and microscopic topography of the substrate surface [20]. The presence of contaminants on the 
substrate surface may increase or decrease the adhesion depending on whether the adsorption energy is 
increased or decreased, respectively. Also the adhesion of a film can be improved by providing more 
nucleation sites on the substrate, for instance, by using a fine-grained substrate or a substrate pre-coated 
with suitable materials. Of the deposition processes available, magnetron sputtering has been shown to 
produce well adhered and uniform coatings over wide areas [11]. In this process, the adhesion of the film 
to the substrate can be improved by ion-cleaning of the substrate prior to the coating deposition as well 
as additional ion bombardment during coating deposition which improves adhesion by providing 
intermixing on an atomic scale [21]. 
It has been shown throughout the literature that the chemical and structural properties of the active film 
have a profound impact on the overall photocatalytic performance. Photocatalytic performance is influenced 
by film characteristics including; composition, bulk and surface structure and nanostructure, atomic to 
nanoscale roughness, hydroxyl concentration, and impurity concentration (e.g., Fe and Cr) [22–25]. 
The work described in this paper investigates the chemical and mechanical durability, wettability and 
the retention of photocatalytic activity of selected coatings after being placed in different brewery 
process environments, in this case bottle/can filling lines in three Finnish breweries. 
2. Experimental Section 
2.1. Preparation of Coated Surfaces 
The substrate material for all coatings was stainless steel AISI 304 2B (75 × 25 × 1.6 mm3). Coatings 
were produced using either closed field unbalanced magnetron sputtering (CFUBMS) [21] or by 
spray-coating with a TiO2 sol. Table 1 shows the coatings produced. 
Table 1. Preparation method of coated surfaces. 
Code Coating Deposition Method 
T1 TiO2 Reactive magnetron sputtering 
T2 TiO2-Ag (low) – 
T3 TiO2-Ag (high) – 
U1 TiO2 Reactive magnetron sputtering + heat treatment 
U2 TiO2-Mo – 
MC TiO2 Spray-coated with TiO2 sol 
Coatings T1–T3 were deposited using reactive magnetron sputtering in a Teer Coatings UDP 450 
coating system. One titanium target (99.5% purity) was used for the deposition of TiO2. Argon (99.998% 
purity) was used as the working gas and oxygen (99.5% purity) as the reactive gas. The working pressure 
was 1 mbar. Ag (99.95% purity) was used as the dopant. Advanced Energy Pinnacle Plus pulsed DC 
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power supplies were used to power the titanium magnetrons and bias the substrates. An Advanced 
Energy DC power supply was used to power the silver target. 10–30 substrates were ultrasonically 
cleaned in acetone prior to loading into the chamber in order to remove surface contaminants. The 
substrates were aligned on a flat plate parallel to the surface of the metal targets at a distance of 150 mm 
from the target plane. A high rotational speed of 10 rpm was applied to the substrates to ensure enhanced 
mixing of silver and titanium within the coatings rather than the preferential formation of multilayer 
coatings. The substrates were ion-cleaned for a period of 20 min prior to the coating deposition using a 
bias voltage of −400 V and a low current of 0.2–0.35 A on the targets. The coatings were deposited at a 
bias voltage of −40 V. A thin layer of Ti was initially deposited as the adhesion layer prior to the 
introduction of oxygen to the deposition chamber. The amount of oxygen was controlled using an optical 
emission monitor, using conditions known to produce stoichiometric TiO2 [26]. A pulsed-DC power of 
2.5 kW was used on the Ti target at frequency 50 kHz and a duty of 97.75% (in synchronous mode). A 
continuous DC power of 70 W in the case of T2 and 150 W in the case of T3 was applied to the Ag target 
to vary the dopant content. The deposition rate was 17–22 nm/min depending on Ag content and 
coatings with thickness of 0.8–1 µm were produced. No additional heating was used during the coating 
process and the temperature did not exceed 200 °C during the process. 
U1 and U2 coatings were deposited using reactive magnetron sputtering in a Teer Coatings UDP 450 
coating system as described above. Two opposing magnetrons were fitted with titanium targets and one 
with the Mo dopant metal target (99.5% purity). The magnetrons with the titanium targets were in the 
closed field configuration and driven in pulsed DC sputtering mode using a dual channel Advanced 
Energy Pinnacle Plus supply at a frequency of 100 kHz and a duty of 50% (in synchronous mode). The 
Mo metal target was driven in a continuous DC mode (Advanced Energy MDX). The Ti targets were 
operated at a constant time-averaged power of 1 kW and the dopant target was operated at 180 W. 
Stainless steel samples were mounted on a substrate holder, which was rotated between the magnetrons 
at 4 rpm during deposition. The target to substrate separation was 8 cm. The titanium and Mo targets 
were cleaned by pre-sputtering in a pure argon atmosphere for 10 min. Deposition times were adapted to 
obtain a film thickness of 0.8–1 µm (deposition rate was 7.5 nm/min). The sputtered films were post 
deposition annealed at 600 °C for 30 min. in air. 
Coating MC was prepared by spray-coating with a proprietary water-based TiO2 sol using the 
following method. This transparent, neutral sol contained 2% TiO2 (as anatase). Degreased stainless steel 
coupons were fixed to aluminium panels (approximately 150 × 100 mm2). The panels with attached 
coupons were accurately weighed. The TiO2 sol (0.2–0.3 g) was sprayed onto the aluminium panel with 
the attached coupons in a slow, steady motion, sweeping the panel in horizontal stripes from top to 
bottom, using a Badger Airbrush 200-3 model spray kit (Badger Air-Brush Co., Franklin Park, IL, USA). 
After air-drying for at least 15 min, the spraying procedure was repeated until 0.8–1.0 g/m2 of TiO2 sol 
was delivered to the surface. After air-drying overnight, the aluminium panel with the attached stainless 
steel coupons was re-weighed to give an accurate measurement of the weight per area of the coating. 
2.2. Wettability 
Water contact angle measurement is a practical tool to determine the wettability of a surface. Contact 
angle values were measured using a Digidrop instrument. At least two drops were measured for each 
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surface and the measurements averaged. Measurements were conducted after exposure in light, either 
SUNTEST CPS+ (xenon arc, filtered with special window glass, 550 W/m2 across the irradiance range 
320–800 nm) or UVA light (Philips blacklight, 10–12 W/m2 across the irradiance range 350–400 nm), or 
after storage in the dark. 
2.3. Adhesion of Coatings 
The scratch and wear resistance of the coatings were assessed using a Teer ST3001 scratch–wear 
tester (Teer Coatings Ltd, Droitwich, UK) [27]. The coated surfaces were evaluated using a Rockwell 
diamond tip (radius 200 μm). A load rate of 100 N·min−1 and a constant sliding speed of 10.0 mm·min−1 
were used with the load increasing from 10 to 40 N. The scratch tracks were examined using a 
Cambridge Stereoscan 200 scanning electron microscope (Cambridge Instruments, Cambridge, UK) in 
order to detect any flaking. 
2.4. Photocatalytic Characterization of Coatings 
The photocatalytic activities of the coatings were analyzed using the methylene blue (MB) 
degradation assay under UV and fluorescent light sources. In brief, MB solutions were made up to an 
initial concentration of 0.0105 mMol·L−1. Photocatalytic surfaces were placed in 10 mL of the MB 
solution and irradiated at an integrated power flux of 40 W/m2 with two 15 W UV lamps (365 nm 
wavelength). Tests were also carried out using two 15 W fluorescent tubes in place of the UV tubes to 
simulate typical lighting environments. The integrated power flux to the coatings with the fluorescent 
tubes was 64 W/m2, of which the UV component (300–400 nm) was 13 W/m2. A 10 cm distance 
between the light source and MB solution was used. Samples of the MB solution were taken before 
testing and at 1 hour intervals up to a total of 5–8 h. and analyzed using a UV-Vis spectrophotometer 
(Perkin Elmer, Waltham, MA, USA). Spectra were taken in the range of 650–668 nm and the height of 
the absorption peak in this region was monitored. 
A graph of peak height absorbance against irradiation time, which has an exponential form was 
generated. An index of photocatalytic activity (Pa) was defined by comparing the degradation rate of the 
MB solution in contact with the coated surfaces to the rate for an irradiated MB solution with no coating 
present. The equation below was used to calculate the photocatalytic activity of each of the films. Two 
parameters were defined: PaUV for UV irradiation and PaFL for fluorescent light irradiation [28]. 
0
e1 e
mx
cxPa C
−
−
 = −   
 (1) 
where C0 = peak height at time = 0; C0e−mx = decay rate of methylene blue; C0e−cx = decay rate of 
methylene blue in contact with photocatalytic coating. 
2.5. Process Tests 
Coated stainless steel pieces were placed on process surfaces within three breweries for a period of 
three months. Figure 1 shows an example of samples in location. Details of the location of test pieces in 
each brewery are given in Table 2. There was no special provision of lighting for the photocatalytic 
coatings; the process test took place under the usual brewery conditions of lighting, with coupons 
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receiving varying amounts of light depending on their position in each machine. Furthermore, all 
samples underwent the normal process conditions and cleaning regimes used in each brewery which 
included acid and alkaline cleaning chemicals such as acetic acid and sodium hydroxide, ethanol, steam 
and mechanical brushing. For each coating, two replicates were used in each of the breweries. 
Additionally, two replicates were retained as controls and were kept in the dark for the same period. 
After three months, each replicate was cut into six sections. The mechanical durability, photocatalytic 
activity and wettability were evaluated each on two of these sections. 
Figure 1. Samples in location at Brewery B. 
 
Table 2. Coatings evaluated in process tests (for a period of three months). 
Coating Control Brewery A 1 Brewery B 2 Brewery C 3 
TiO2 (T1) T1-R1 T1-R2 T1-1 T1-2 T1-3 T1-4 T1-5 T1-6 
TiO2-Ag (low) (T2) T2-R1 T2-R2 T2-1 T2-2 T2-3 T2-4 T2-5 T2-6 
TiO2-Ag (high) (T3) T3-R1 T3-R2 T3-1 T3-2 T3-3 T3-4 T3-5 T3-6 
TiO2 (U1) U1-R1 U1-R2 U1-1 U1-2 U1-3 U1-4 U1-5 U1-6 
TiO2-Mo (U2) U2-R1 U2-R2 U2-1 U2-2 U2-3 U2-4 U2-5 U2-6 
TiO2 (MC) MC-R1 MC-R2 MC-1 MC-2 MC-3 MC-4 MC-5 MC-6 
1 Filler table of beer canning machine; 2 Seamer of beer canning machine; 3 Filler table of a water and soft 
drinks PET line, inclined 10°. 
3. Results and Discussion 
This work compared three TiO2 surfaces: as-deposited and heat-treated coatings deposited by 
reactive magnetron sputtering (T1 and U1, respectively), and a spray-coated TiO2 (MC). Two dopants 
(Ag and Mo) were also investigated. Ag was used as it is a well-known antimicrobial material which 
could impart additional antimicrobial functionality to the coating. Mo was used as a dopant to reduce the 
band gap of TiO2 in order to improve the visible light activity of TiO2. Mo-TiO2 has been reported to 
shift the band gap of TiO2 by −0.20 eV [28]. The photoactivity and mechanical properties of the surfaces 
were studied for the as-prepared coatings and those having undergone process conditions. The effect of 
the process conditions on the properties of the coatings was investigated. 
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3.1. As Prepared Coatings 
SEM and EDX were used to analyze the topography and dopant concentration (as atomic percent of 
total metals) in the as-prepared doped coatings. Ag-TiO2 and Mo-TiO2 surfaces showed small submicron 
sized particles which were characterized by EDX as silver rich phases, suggesting that the dopant 
separated from the matrix TiO2. The silver content was 0.50 ± 0.05 at% in T2 and 30.0 ± 3.1 at% in T3. 
The Mo content in U2 was 7.0 ± 0.8 at %. The structure of coatings was analysed using XRD (Figure 2). 
The as-deposited TiO2 coating (T1), showed an anatase structure. Ag-TiO2 coatings showed strong 
silver peaks. The heat treated TiO2 and Mo-TiO2 (U1 and U2) showed anatase and rutile peaks as well as 
monoclinic β-TiO2 which were very strong in the case of the doped coating. 
Figure 2. Microstructure of coatings as evaluated using XRD, (a) as deposited TiO2 and 
Ag-TiO2 coatings (T1–T3 ); and (b) TiO2 and Mo-TiO2 coatings after heat treatment (U1 and 
U2) (S—substrate, An—anatase, Ru—rutile). 
 
(a) (b) 
Figure 3 shows the photocatalytic activity for the as-prepared coatings and compares these values 
with those obtained for Pilkington Activ as a standard commercial product. As can be seen, all 
coatings showed high photocatalytic activity. In the case of T3, a change was also observed in the colour 
of the solution. This was thought to have been caused by leaching of silver from the surface. SEM 
analysis of the coating was performed before and after immersion in water for 2 h and showed the 
presence of microparticles on the surface which EDX confirmed to be silver (Figure 4). The silver 
microparticles in the as deposited coating were embedded in the matrix. Immersion in water resulted in 
the silver particles to protrude from the surface and EDX showed a reduction in the silver content, 
confirming that silver was indeed diffusing out of the coating. 
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Figure 3. Photocatalytic activity of the as-deposited coatings and comparison with a 
commercially available photocatalytic surface (Pilkington Activ). 
 
Figure 4. SEM micrographs of T3, (a) as deposited coating; and (b) after being under  
water for 2 h. 
  
(a) (b) 
Mechanical resistance of the coatings was analyzed using scratch testing. Figure 5 shows the scratch 
tracks of the coatings after production, as observed using the SEM. Coatings T1–T3 and MC showed 
excellent adhesion to the stainless steel substrate and no flaking was observed around the scratch tracks. 
Slight flaking was observed in U1 and U2, which was localized to the area immediately next to the 
scratch track. This may have been caused by the lack of a Ti adhesion layer in these coatings or due to the 
stresses applied to the coating during annealing. Given the destructive nature of the scratch test and the 
high load levels used in this test, all coatings were deemed to show sufficient mechanical resistance for 
use on food and drinks processing surfaces. 
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Figure 5. Progressive load scratch tracks of (a) T1; (b) T2; (c) T3; (d) U1; (e) U2 and (f) MC. 
   
(a) (b) (c) 
   
(d) (e) (f) 
3.2. Properties of the Surfaces after Process Tests 
Visual inspection of the coatings after the three months process trial and their comparison with the 
control surfaces showed that all coatings prepared by magnetron sputtering (T1, T2, T3, U1 and U2) 
were physically present, although some color changes were apparent (Figure 6). The TiO2 sol coating 
(MC) appeared to be still present after the process test at Brewery C but was at least partially removed at 
the other two breweries. It was noticeable that many of the surfaces were heavily soiled, particularly 
those that had been on trial at Breweries A and B. 
Figure 6. Images of coupons after the three month brewery trial. See Table 2 for  
sample descriptions. 
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3.3. Mechanical Durability of the Coatings 
The results of scratch adhesion tests performed on samples after the process trial confirmed the 
observations made on the appearance of coatings. Representative results are shown in Figure 7. T1–T3 
coatings showed good adhesion with no flaking after the process studies. U1–U2 coatings showed some 
flaking, which in most cases was confined to the area immediately next to the scratch track. Some of the 
samples, however, showed a more widespread flaking. This was most likely caused by the lack of a Ti 
base layer, which can enhance the adhesion of TiO2 to the stainless steel substrate or alternatively could 
be a result of the heat treatment. The MC coating from Breweries A and C showed some flaking near the 
scratch track. Samples removed from Brewery B showed no flaking. EDX analysis of these samples 
showed a Ti peak which had been greatly reduced compared to that of the control samples, suggesting 
that the coating had been heavily worn. This could be due to the different cleaning regimes, e.g., 
chemicals and scrubbing methods used in the different breweries, with some conditions exceeding the 
chemical and mechanical resistance of the coating. 
Figure 7. SEM micrographs showing the scratch tracks of coatings before and after process 
tests at Brewery C. 
 
3.4. Composition of the Coatings 
EDX results showed that the Ag content in T2 remained fairly constant. T3 showed a high level of Ag 
leaching possibly caused due to the poor dispersion and segregation of Ag within the coating as was seen 
from the SEM image of this coating (Figure 3). U2 showed a fairly constant concentration of Mo, except 
that in the areas where coating had been partially removed, it was not possible to measure the relative 
concentration of Mo in the coatings due to the weak signal and overlapping of the emission lines from 
the coating with those from the substrate (Table 3). 
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Table 3. Concentration of dopant as analysed using EDX (error in the measurements was ±10%). 
Coating As Deposited 
Control Brewery A Brewery B Brewery C 
R1 R2 1 2 3 4 5 6 
TiO2-Ag (low Ag) (T2) 0.5 0.5  
0.2 0.1 0.3 0.6 0.7 0.1 
TiO2-Ag (high Ag) (T3) 30.0 32.0 34.0 1.8 1.6 9.2 1.1 3.6 10.3 
TiO2-Mo (U2) 7.0 7.3 7.2 – – – 8 8.1 8.0 
3.5. Photocatalytic Properties 
Figure 8 shows the photocatalytic activity of the coatings under fluorescent and UV irradiation. 
Figure 8. Photoactivity of TiO2 and doped TiO2 coatings under UV (blue bars) and 
fluorescent light (red bars) irradiation. (a) T1; (b) T2; (c) T3; (d) U1; (e) U2; (f) MC. 
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A loss of activity for T1–T3 coatings under UV light following the brewery trials was seen to varying 
degrees. The lower content TiO2-Ag surface (T2) retained the most activity with the exception of 
samples received from Brewery C. A greater loss of photocatalytic properties of the higher doped Ag 
coatings was seen, possibly due to the leaching of silver during the process studies. The controls also lost 
activity following three months storage in the dark compared to the as-deposited samples (UV light). 
Similar results were seen when photocatalytic activity was assessed under fluorescent light. Comparison 
of the photocatalytic properties of U1 and U2, showed that the addition of Mo to the heat-treated TiO2 
surface increased its photocatalytic activity under UV and fluorescent light and this remained the case 
following the process studies. Photoactivity was largely retained for Mo-doped surfaces from all 
breweries with the exception of one of the two samples received from Brewery B. TiO2 alone retained 
some of its photoactivity to varying degrees when irradiated with UV, although values between the 
duplicate samples differ. Less activity was shown under fluorescent light exposure, as expected and 
controls also showed lower photocatalytic activity compared to the as-deposited samples. Compared to 
the controls stored in the dark, the MC TiO2 surfaces retained much of their photocatalytic activity, with 
the exception of samples received from Brewery B (under UV), where scratch test and EDX results had 
shown very little coating had been left on the substrate surface after the trial. As a small area of the 
substrate remained uncoated during the spray coating process, duplicate samples were not available in 
the case of MC surfaces. 
The differences in photocatalytic activities of the surfaces received from the breweries could be due 
to the position of the samples and the cleaning regimes used. Work by others has shown that canning 
machines were markedly less prone to accumulation of microorganisms than bottling machines which 
use recycled glass bottles [1]. Further, it has been suggested that horizontal surfaces were prone to 
microbial accumulation and should be avoided in constructions as much as possible. Biofilm formation 
has also been shown to occur on certain surfaces despite daily cleaning and disinfection [1]. Thus, 
deposits formed by reaction processes or microbes usually cannot be wholly removed with water from 
stainless steel [29]. Various cleaners may have different success. In a surface test without soil a 
hypochlorite-based disinfectant was shown to be effective after an exposure of 10 min against all the 
microbes tested whereas an isopropanol-based cleaning agent was effective against all the vegetative 
cells tested [30]. In the presence of soil, hypochlorite was effective against Listeria monocytogenes and 
Pseudomonas aeruginosa [30]. The nature of clean may also affect efficacy. At 30 and 50 °C water 
rinsing at the flow velocities investigated could remove up to 85% of a yeast deposit. At a water rinsing 
temperature of 70 °C, less yeast deposit could be removed overall [3]. If surfaces were soiled with 
chemical residue and not cleaned sufficiently, it is possible that this may have an effect on photocatalytic 
activity. Conversely over aggressive cleaners might damage the surface, as noted previously. 
3.6. Wettability 
Photo-induced hydrophilicity is often associated with photocatalytic TiO2 coatings [31]. Large 
differences in the wettability of TiO2 coatings after irradiation by light or after storage in the dark are 
believed to be due to the generation of hydrophilic radicals on the TiO2 surface by the action of light. 
Measurement of contact angle had been found to be an effective and easy method of detecting the 
presence of the TiO2 sol coating, MC. In addition, it is expected that the contact of contaminants with the 
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surface is enhanced in the case of hydrophilic surfaces, resulting in an increase in the effect of the 
photocatalyst. Thus water contact angle measurements were made on each test coupon listed in Table 3 
to help determine the presence and activity of each coating. 
Contact angles were firstly measured for the coupons immediately on unpacking (dark), and then 
after 20 hours irradiation. It was noticeable that many of the coupons were heavily soiled so a portion of 
each sample was cleaned by wiping with 2-propanol on a soft cloth and then with water. Contact angles 
were re-measured after 20 h. under UVA light, and again after 6–7 days in the dark. The results are 
shown in Figures 9–11. 
Figures 9–11 show that for most coatings, the effect of light on the wettability was more pronounced 
in the case of the reference surfaces than those having undergone the processing conditions. This may 
indicate changes in the coating activity resulting from the exposure to the cleaning chemicals etc. used 
during the processing. 
Figure 9. Water contact angle measurements for (a) TiO2 (T1); and (b) TiO2-Ag (low) (T2) 
coupons after three-month Brewery Trial. 
  
(a) (b) 
Figure 10. Water contact angle measurements for (a) TiO2-Ag (high) (T3) and (b) TiO2 (U1) 
coupons after three month Brewery Trial. 
  
(a) (b) 
For the TiO2 sol coating, MC, the two coupons sited at the Brewery C showed similar wettability to 
the control sample (MC-R2), after cleaning, both in the dark and the light. Visual inspection of the 
coupons sited at the other two breweries showed that the coating was wholly or partly removed from 
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these coupons, and the contact angle measurements reflect this loss of coating (Figure 11b). Contact 
angle values on blank stainless steel surfaces after cleaning were 70°–80°. 
Figure 11. Water contact angle measurements for (a) TiO2-Mo (U2); and (b) TiO2 (MC) 
coupons after three month Brewery Trial (Coated area of MC-R1 was too small to test). 
  
(a) (b) 
4. Conclusions 
TiO2 coatings were deposited either using reactive magnetron sputtering, both with and without 
subsequent heat treatment, or prepared by spray coating. Photocatalytic activity, determined by 
methylene blue degradation, was high under UV irradiation. The coatings were also active under 
fluorescent irradiation. Doping of magnetron sputtered TiO2 with Ag- (0.5 at%) and Mo- (7 at%) 
increased the activity under fluorescent light. High Ag loading (~30%) had a detrimental effect on the 
fluorescent light induced photoactivity, possibly due to the replacement of Ti atoms in the TiO2 matrix 
with Ag. The coatings were placed in three different breweries for three months. The magnetron 
sputtered TiO2 surfaces which had not undergone heat treatment showed the best mechanical resistance, 
whilst the spray coated TiO2 and Mo-TiO2 showed the best retention of photoactivity. Irradiation of the 
coatings resulted in an increase in wettability, but the spray-coated TiO2 was the only coating showing 
light-induced hydrophilicity after the process trial. 
This work presented the potential of magnetron sputtered TiO2 and doped TiO2 coatings for surfaces 
used in food and beverage processing where there is a requirement for robust coatings. Selection of the 
optimum deposition parameters and dopants can lead to coatings which retain photoactivity and are 
durable in harsh processing conditions. The use of spray coatings is preferred on surfaces which do not 
experience severe mechanical wear and abrasion. 
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Abstract: Titania and doped-titania coatings can be deposited by a wide range of techniques; 
this paper will concentrate on magnetron sputtering techniques, including “conventional” 
reactive co-sputtering from multiple metal targets and the recently introduced high power 
impulse magnetron sputtering (HiPIMS). The latter has been shown to deliver a relatively 
low thermal flux to the substrate, whilst still allowing the direct deposition of crystalline 
titania coatings and, therefore, offers the potential to deposit photocatalytically active titania 
coatings directly onto thermally sensitive substrates. The deposition of coatings via these 
techniques will be discussed, as will the characterisation of the coatings by XRD, SEM, 
EDX, optical spectroscopy, etc. The assessment of photocatalytic activity and photoactivity 
through the decomposition of an organic dye (methylene blue), the inactivation of E. coli 
microorganisms and the measurement of water contact angles will be described. The impact 
of different deposition technologies, doping and co-doping strategies on coating structure 
and activity will be also considered. 
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1. Introduction 
Photocatalytic titania-based surfaces and coatings have many potential applications, including  
“self-cleaning” windows, anti-fogging screens or lenses, air cleaning and water purification devices 
and “self-sterilizing” antibacterial tiles [1–6]. Although it is relatively straightforward to demonstrate 
the effectiveness of these coatings in a laboratory environment, producing highly photoactive coatings 
in a commercially viable process is more challenging, and this has limited the exploitation of this 
technology to date. Titania can be produced in nanoparticle form for incorporation into paints and 
other building products [7], or as slurries and suspensions for water treatment [8,9]. Whilst the  
latter arrangement provides high surface areas of active material, there is usually a requirement for 
downstream filtration of the particles, limiting its practicality. In other applications, such as windows, 
lenses or tiles, a titania thin film or coating is the preferred option, where the reduced surface area is 
compensated for by high transparency and durability. 
There are a number of physical and chemical deposition techniques that can be used to produce titania 
and doped-titania coatings. These include pulsed laser deposition [10], magnetron sputtering [11–13], 
reactive evaporation [13], ion beam assisted deposition [14], chemical vapour deposition [15],  
sol-gel [16], dip-coating [17], hydrothermal synthesis [18] and atomic layer deposition [19,20]. The 
characteristics of each process have a major bearing on deposition parameters, such as substrate 
temperature (and thereby, choice of substrate material) and throughput and coating properties, such as 
adhesion, crystallinity, grain size, lattice defects, transparency and surface roughness, and in general, 
the performance of the coating is inextricably linked to the choice of deposition process. The 
production of photoactive titania coatings is further complicated by the requirement for the coating to 
be predominantly in the anatase crystal form (mixed phase anatase/rutile structures have also been 
reported as being effective [10,20]). Titania coatings deposited at ambient temperature tend to be 
amorphous [12], though and the formation of anatase structures usually requires elevated temperatures 
(~400 °C) during deposition or post-deposition annealing, which imposes additional processing costs 
and restricts the use of thermally sensitive substrate materials. 
Of the deposition techniques available, magnetron sputtering is widely used for the production of 
high quality coatings for applications ranging from Low-E and solar control glazing products, tool 
coatings, micro- and opto-electronic components, data storage media and thin film photovoltaics. Indeed, 
the scalability and versatility of the magnetron sputtering process and the uniformity and repeatability 
of the resulting coatings has made this the process of choice for many commercial applications [21]. 
The magnetron sputtering process has been described in detail elsewhere [21] and the finer nuances 
of magnetron design and process control are beyond the scope of this paper. In simple terms, though, it 
is a physical vapour deposition process in which positively charged ions from a glow discharge plasma 
are accelerated towards a negatively biased target plate of the material to be deposited, which is 
mounted on the magnetron body. The incident ions remove or “sputter” atoms from the surface of the 
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target through a momentum exchange mechanism. The process takes place in a reduced pressure 
(typically 0.1 to 0.5 Pa) atmosphere, usually of argon, in which the plasma can be readily maintained. 
The sputtered atoms diffuse across the chamber and condense on the substrate as a thin film. Reactive 
gases, such as oxygen or nitrogen can be introduced with the argon in order to form compound films of 
oxides or nitrides. However, during the deposition of dielectric materials, such as oxides, the build-up 
of positive charges on the target can result in arc events, which are detrimental to the stability of the 
process and the quality of the coating. This problem can be negated by powering the magnetron in the 
mid-frequency (20–350 kHz) pulsed DC mode, where the polarity of the target alternates rapidly 
between positive and negative voltages. Again, this process has been described elsewhere [22]. 
Another variant of pulsed sputtering is the recently introduced HiPIMS (high power impulse 
magnetron sputtering) technique, which utilises lower pulse frequencies (50–1000 Hz), higher peak 
voltages (−500 to −1000 V) and very high peak currents (up to 1000 A). This results in similar  
time-averaged powers, but at much lower duty cycles, compared to pulsed DC magnetron sputtering, 
giving very high current densities at the target and leading to significant ionisation of the deposition 
flux. HiPIMS has been reported to enhance the film structure and make possible the deposition of 
crystalline thin films, including titania, without additional heat treatment [23,24]. Furthermore, the 
present authors have demonstrated that the thermal energy flux delivered to the substrate during 
HiPIMS deposition is several times lower than for DC or pulsed DC magnetron sputtering at  
the same time-averaged power [25]. This work was extended to demonstrate for the first time that 
photocatalytically active titania coatings can be deposited directly onto polymeric substrates by 
HiPIMS in a single stage process [26]. 
Sputtering systems can be configured with multiple magnetrons fitted with different target materials 
in order to deposit doped coatings, in which the dopant level is controlled by the relative power delivered 
to each magnetron. Alternatively, in a single magnetron system an alloy target can be used to produce 
doped coatings directly, although the dopant level in this case is fixed to that of the target material. 
The ability to produce doped coatings is of great importance in this context, because the relatively 
high band gap of anatase (3.2 eV) means that it requires UV light (<390 nm) for activation. 
Photocatalytic activity can be both increased and extended into the visible range, though, by doping 
with different metallic elements (e.g., W, Mo, Nb, Ta) or non-metallic elements (e.g., N, C, S). Doping 
titanium dioxide with non-metal atoms narrows the band gap due to a mixing of the dopant p-states 
with the p-states of oxygen forming the valence band of titanium dioxide [27]. Of the range of possible 
non-metal dopants, nitrogen is one of the most described in literature for improving the photocatalytic 
activity of titanium dioxide [28–30] and extending its activity into the visible range. The nitrogen atom 
has a size comparable with the size of an oxygen atom, thus it can be easily introduced into the titania 
structure in either substitutional or interstitial positions [31]. 
Doping with transition metal ions is reported to create impurity levels near the conduction band that 
may perform as trapping centres, which extend the lifetime of photogenerated electrons and holes [32].  
It is reported that the best results for transition metal doping can be achieved when the ionic radius of 
the doping metal is close to that of titanium [33] to enable incorporation into the titania lattice. Of the 
variety of candidate metals described in the literature, transition metals such as tungsten [34], 
chromium [35], vanadium [36] and molybdenum [37] are mentioned as efficient dopants for shifting 
the activity to the visible range. 
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Both of these doping strategies, and the idea of simultaneously co-doping titania with metallic  
and non-metallic elements, have been extensively investigated by many researches in the past few 
years [32,38]. Despite this, at present, there is no uniform theory explaining the optimum choice of 
dopant element(s) and doping level to maximise the photocatalytic properties in the visible range.  
This paper gives an overview of studies of doping and co-doping strategies conducted by the authors 
on magnetron sputtered titania coatings [25,39–43]. The influence of different elements on structural 
formation is considered and the production of as-deposited anatase coatings using the HiPIMS process 
is also described. Attempts to optimise the photoactivity of the coatings under UV, fluorescent and 
visible light irradiation are discussed. 
2. Experimental Section 
2.1. Coating Deposition Process 
All the coatings described here were deposited by reactive magnetron sputtering in a Teer Coatings 
Ltd. (Droitwich, UK) UDP 450 system (Figure 1). Up to three 300 mm × 100 mm unbalanced planar 
magnetrons were installed vertically opposed through the chamber walls. Depending on the 
experimental array the system was configured with either two magnetrons fitted with titanium targets 
(99.5% purity) and one with a metallic dopant target (W, Mo, Ta or Nb—all 99.9% purity) [39–41], or 
for the HiPIMS array, a single magnetron was used with either a titanium target or a 5 at% W-doped Ti 
target installed [25,42,43]. 
Figure 1. Schematic representation of the Teer Coatings Ltd. UDP450 sputtering rig with 
three planar magnetrons installed.  
 
For the multiple magnetron configuration, the magnetrons with the titanium targets were driven  
in mid-frequency pulsed DC mode using a dual channel Advanced Energy Pinnacle Plus supply at a 
frequency of 100 kHz and a duty of 50% (in synchronous mode) at a constant time-averaged power of 
1 kW per channel. In order to vary the doping level, the magnetron with the dopant target was driven at 
powers in the range 100–180 W in continuous DC mode using an Advanced Energy MDX power 
supply. The reactive sputtering process was carried out in an argon:oxygen atmosphere at 0.3 Pa, and 
was controlled by optical emissions monitoring using an operating set point (15% of the full metal 
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signal) previously found to produce stoichiometric TiO2 coatings [44]. The substrates (microscope 
slides initially, but later 20 × 10 mm2 304 2B stainless steel coupons were also coated for antimicrobial 
testing) were ultrasonically pre-cleaned in propanol and placed onto the electrically floating substrate 
holder, which was rotated continuously during the deposition process at 4 rpm at a distance of 100 mm 
from the magnetrons. During the nitrogen and co-doping experiments, the nitrogen flow was controlled 
using a mass flow controller in the range from 0 to 10 sccm to vary dopant levels [41]. Coating 
thicknesses were in the range 500 nm to 1 µm. Initial experiments showed that the as-deposited pulsed 
DC coatings were amorphous. Therefore, these coatings were post-deposition annealed in air at either 
400 or 600 °C for 30 min and then allowed to cool in air. 
For the HiPIMS experiments, the magnetron was driven at time-averaged powers of 600 W and  
880 W using a Huettinger HMP1/1_P2 HiPIMS power supply. The working pressure was varied in the 
range of 0.13 to 0.93 Pa. Pulse frequency (100–300 Hz) and pulse width (50–200 μs) were used as two 
other process variables. Sputtering was carried out in an argon:oxygen atmosphere of 2:3 for all 
deposition runs (10 sccm of Ar and 15 sccm of O2), which corresponded to the poisoned mode for this 
system. The thresholds of these variable parameters were chosen to maintain stable plasma discharge 
conditions and, thereby, control over the deposition process. The coatings were initially deposited onto 
soda-lime glass substrates. Coating thickness measurements were obtained by means of surface 
profilometry. All coatings deposited in this mode were of the order of 100 nm. Optimised operating 
conditions were then used to deposit coatings onto 100 µm PET (polyethylene terephthalate) web and 
PC (polycarbonate) substrates. The HiPIMS coatings were analysed in the as-deposited condition and 
were not annealed. 
2.2. Coating Characterization 
The coatings were typically analyzed by Raman spectroscopy (Renishaw Invia, 514 nm laser) and 
X-ray diffraction (XRD) in θ–2θ mode (Philips PW1729 diffractometer with CuKα1 radiation at  
0.154 nm) to ascertain their crystalline structure. Composition was investigated by energy dispersive 
X-ray spectroscopy (EDX—Edax Trident, installed on a Zeiss Supra 40 VP-FEG-SEM). The surface 
roughness and surface areas of the coatings were determined using a MicroXAM white light surface 
profilometer. Finally, values of the optical band gaps of the coatings were calculated using the Tauc 
plot method [45], by plotting (αhν)1/2 vs. hν and extrapolating the linear region to the abscissa (where α 
is absorbance coefficient, h is Plank’s constant, ν is the frequency of vibration). 
2.3. Assessment of Photocatalytic Activity and Hydrophilicity 
The determination of photocatalytic activity was carried out using the methylene blue (MB) 
degradation test. MB is an organic dye with molecular formula C16H18ClN3S, and is often used as an 
indicating organic compound to measure the activity of photocatalysts. In fact, ISO10678 confirms the 
use of methylene blue as a model dye for surface photocatalytic activity determination in aqueous 
medium [46].  
An aqueous solution of MB shows strong optical absorption at approximately 665 nm wavelength. 
Changes in the absorption peak height are used for monitoring the concentration of MB, and hence its 
degradation in contact with a photocatalytic surface. 
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Prior to the photocatalytic measurements, coating samples of equal size (15 × 25 mm2) were 
immersed in a conditioning solution of methylene blue for pre-absorption of MB on the test surfaces to 
exclude the effect of absorption during the photocatalytic experiment. The photocatalytic measurements 
were carried out for 1 h in continuous mode. The absorption peak height of the methylene blue solution 
was measured with an Ocean Optics USB 2000+ spectrometer with continuous magnetic stirring.  
Each coating was tested both under UV and fluorescent light sources; 2 × 15 W 352 nm Sankyo 
Denki BLB lamps were used as the UV light source (integrated power flux to the sample = 4 mW/cm2) 
and 2 × 15 W Ushio fluorescent lamps as the fluorescent light source (integrated power flux to the  
sample = 6.4 mW/cm2). Selected coatings were additionally tested under a visible light source. The 
visible light source was simulated by combining a fluorescent light source with a Knight Optical 395 
nm long pass UV filter. The natural decay rate of methylene blue (without the photocatalyst present) 
under each type of light source was measured for reference purposes, as well as the degradation rate of 
methylene blue in contact with photocatalytic surface but without light irradiation (i.e., in the dark).  
In both cases the decay rate of methylene blue was of zero order and, thus was neglected in the 
following calculations, meaning any changes in the absorption peak height could be attributed to the 
photocatalytic activity [37]. The experimental setup for the MB tests is shown schematically in Figure 2. 
Figure 2. Schematic of methylene blue photocatalytic testing equipment. 
 
According to the Lambert-Beer law, the concentration of dye, c, is proportional to the absorbance value: 
ܣ = ε݈ܿ (1)
where A is absorbance, ε is the molar absorbance coefficient; l is the optical length of the cell where 
the photocatalyst is immersed into MB. 
The photocatalytic decomposition of MB was approximated to first order kinetics, as shown in  
the equation: 
݈݊ ൤ܥ଴ܥ ൨ = ݇௔ݐ (2)
where C0 and C are the concentrations of MB solution at time 0 and time t of the experiment, 
respectively. If the ratio of absorption decay is proportional to the concentration decay, the first order 
reaction constant, ka can be found from the slope of the plot ln(A0/A) against time. 
The hydrophilic properties of the coatings were estimated via measurements of contact angles of 
deionised water droplets on the surface of the coating made with a Kruss goniometer. 
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2.4. Assessment of Antimicrobial Properties 
Escherichia coli (ATCC 8739) was used as a model organism in these experiments. Measurements 
of the antimicrobial activity of selected coatings deposited onto 304 2B stainless steel substrates were 
performed using ISO 27447:2009 as guidance (with minor modifications) [47]. Stainless steel was 
selected because it is the material of choice in the food and beverage production industries and the 
coatings were developed for field trials in industrial facilities [48,49]. In brief, 50 µL of suspension 
containing approximately 105 colony forming units (cfu) per mL of bacterial cells were placed on the 
surfaces and a polyethylene film was placed over the bacterial suspension to ensure even distribution. 
Surfaces were illuminated (wavelength range of 300–700 nm) in a 20 °C incubator (Gallenkamp, 
Loughborough, UK) fitted with six fluorescent lamps (Sylvania, ON, Canada) with an energy output of 
6.4 mW/cm2. At selected time points (0, 12, 24 and 48 h), surfaces were removed and vortexed for  
1 min in neutralizing broth (20 g·L−1 Soya Lectin (Holland and Barrett, Nuneaton, UK) and 30 g·L−1 
Tween 80 (Sigma Aldrich, Gillingham, UK) to remove any surviving bacteria. Bacteria were 
enumerated by plate counts. All tests were carried out in triplicate. Stainless steel was used as a light 
control and a set of coated surfaces were also kept in dark conditions to serve as further controls. 
3. Results 
3.1. Transition Metal-Doped Pulsed DC Coatings 
3.1.1. Structures and Compositions 
The coatings produced by pulsed DC sputtering had dense, defect-free structures, with relatively 
smooth surfaces. A typical example is shown in Figure 3, which is a SEM micrograph showing the 
fracture section and surface topography of a Mo-doped (2.44 at%) coating after annealing at 400 °C. 
The sputtering rates of the dopant metals investigated increased in order Nb < Mo < Ta < W. Thus, the 
dopant content increased in this order when the same given power was applied to the dopant target  
(see Table 1), meaning some calibration of the process is required if coatings with the same dopant 
content are required. However, that was not the overriding concern with these experiments, which 
were more focused on structural formation and photocatalytic activity. 
Figure 3. SEM micrograph of the fracture section of 2.44 at% Mo-doped titania coating 
deposited onto a glass substrate. 
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Table 1. Dopant levels and band gap values for transition metal-doped titania coatings 
deposited on glass substrates and annealed. 
Dopant 
Power on 
Dopant Target 
Dopant 
Content 
Coating 
Thickness 
Annealing 
Temperature 
Band 
Gap 
ka × 10−5, 
s−1 
ka × 10−5, 
s−1 
Crystal 
Structure 
W at% nm °C eV UV light fluor. light 
none (pure 
TiO2) 
- - 586 
400 3.12 1.0 0.5 anatase 
600 3.15 1.7 0.6 anatase 
Nb 
100 0.74 607 
400 3.16 2.0 0.5 anatase 
600 3.16 0.6 0.3 anatase 
150 1.94 697 
400 3.15 1.8 0.5 anatase 
600 3.15 0.6 0.4 anatase 
180 2.67 712 
400 3.13 1.5 0.9 anatase 
600 3.13 0.4 0.0 anatase 
Mo 
100 2.44 685 
400 3.17 4.0 1.9 anatase 
600 3.00 2.8 1.8 anatase 
150 5.37 727 
400 3.11 0.6 0.3 anatase 
600 * 2.95 - - anatase 
180 6.96 754 
400 3.09 0.5 0.2 amorphous 
600 * 2.97 - - anatase 
W 
100 10.03 814 
400 3.22 0.6 0.4 amorphous 
600 3.02 2.2 1.6 anatase 
150 13.87 889 
400 3.22 0.6 0.7 amorphous 
600 3.00 1.4 0.8 anatase/rutile 
180 15.84 896 
400 3.22 0.4 0.3 amorphous 
600 2.98 0.9 0.6 rutile 
Ta 
100 3.07 594 
400 3.08 0.6 0.4 anatase 
600 3.09 1.3 0.6 anatase 
150 9.10 786 
400 3.20 0.7 0.0 amorphous 
600 3.16 1.0 0.0 anatase 
180 13.51 943 
400 3.28 0.9 0.0 amorphous 
600 3.24 0.7 0.0 rutile 
* coatings delaminated from substrate and were not tested. 
As mentioned above, the as-deposited coatings were assumed to be amorphous on the basis of 
analysis by XRD and Raman spectroscopy. This concurs with previous work, which showed that for 
pure titania coatings, strongly crystalline anatase structures formed for coatings annealed at 400 °C and 
that this structure persisted up to 600 °C before evidence of rutile was observed [50]. For doped titania 
coatings, the dopant element has an important influence on structural formation during the annealing of 
these coatings. This is illustrated in Figures 4 and 5, which show XRD spectra of selected doped-titania 
coatings annealed at 400 and 600 °C, respectively. The dopant compositions are indicated in Table 1. 
For Mo-, Ta- and Nb- doped coatings, a strong anatase structure has clearly evolved at 400 °C, 
whereas, doping with W appears to suppress the formation of this structure. Annealing at 600 °C 
results in the formation of an anatase structure for all the dopants investigated, but in the case of 
tungsten, broad rutile peaks were also detected in the Raman spectra for these samples (Figure 6), 
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indicating a mixed-phase structure. This finding also highlights the different sensitivities of Raman 
spectroscopy and XRD for thin film analysis. 
Figure 4. XRD analysis of selected doped-titania coatings deposited on glass substrates 
and annealed at 400 °C. 
 
Figure 5. XRD analysis of selected doped titania coatings on glass substrates and annealed at 600 °C. 
 
The choice of dopant material and annealing temperature also influenced the band gap of the 
resulting coating. Again, some typical examples are given in Table 1. Annealing at 400 °C produced 
very small red shifts for Mo-doped coatings, but small blue shifts for the other dopants. In contrast, 
annealing at 600 °C resulted in more significant red shifts for most of the combinations tested, and 
particularly for the Mo- and W- doped coatings (up to 0.2 eV). 
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Figure 6. Raman spectra showing structural variations as a function of W-content for  
W-doped titania coatings after annealing at 600 °C. 
 
3.1.2. Photocatalytic Activity 
As a benchmark for the doped titania coatings, the rate constants for the decomposition of 
methylene blue for pure titania coatings annealed at 400 °C and 600 °C sources were 1.0 × 10−5·s−1 and 
1.7 × 10−5·s−1 under UV radiation and 0.5 × 10−5·s−1, and 0.6 × 10−5·s−1 under fluorescent light, 
respectively. As might be expected from the structural data shown in Figure 4, for the coatings 
annealed at 400 °C, Nb-doped coatings (best result: ka = 2.0 × 10−5·s−1 with 0.7 at% Nb) and Mo-doped 
coatings (best result: ka = 4.0 × 10−5·s−1 at 2.4 at% Mo) proved most effective at increasing photocatalytic 
activity under UV radiation. Only the 2.4 at% Mo-doped coating showed any notable improvement in 
fluorescent light activity (ka = 2.8 × 10−5·s−1), which again would be expected from the observed band 
gap shifts. Ta- and W- doped coatings showed a reduction in activity under both light sources. 
For the coatings annealed at 600 °C, now both Nb and Ta proved ineffective as dopant elements, 
with reduced activities compared to pure titania. In this case, Mo-doped coatings and W-doped 
coatings showed the greatest increases in activity. The best rate constants obtained with 2.4 at% Mo 
were 2.8 × 10−5·s−1 and 1.8 × 10−5·s−1 for UV and fluorescent light radiation, respectively. The 
equivalent values for coatings with 10.0 at% W were 2.2 × 10−5·s−1 and 1.6 × 10−5·s−1. 
3.1.3. Optimisation of Tungsten Dopant Level 
Although the W-doped coatings showed enhanced activity, it was recognised that the initial 
experimental conditions had produced relatively high levels of tungsten in the coatings (10–15 at%). 
Thus, a second series of W-doped coatings were produced where the power to the dopant target was 
varied over a lower range of values (60–90 W), to produce lower W dopant levels, with a view to 
optimising the activity level. 
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Other than the range of dopant target powers, the additional W-doped coatings were deposited 
under identical conditions to the initial batch of coatings, as described in Section 2.1. The coatings 
were then annealed at 600 °C. The dopant content and thickness of these and the previous W-doped 
coatings are given in Table 2. After annealing, these coatings showed a transition from anatase 
structures at low-W levels, through a mixed phase structure to rutile structures at higher W levels. 
Evidence for the formation of tungsten oxides was also identified for the higher W dopant levels. This 
structural transition with dopant content is illustrated in Figure 6, which shows selected Raman spectra 
for these coatings. 
Table 2. Compositional data, band gap values and photocatalytic activity results for 
tungsten-doped titania coatings deposited on glass substrates and annealed at 600 °C. 
Sample ID 
Power on 
Dopant Target 
Dopant 
Content 
Coating 
Thickness 
Band Gap ka × 10−5, s−1 ka × 10−5, s−1 Crystal 
Structure 
W at% nm eV UV light fluor. light 
TiO2 - - 586 3.15 1.7 0.6 anatase 
W60 60 3.83 702 3.12 4.0 1.0 anatase 
W70 70 4.64 746 3.09 5.6 1.2 anatase 
W80 80 5.89 758 3.09 9.9 2.7 anatase 
W90 90 7.09 793 3.05 6.4 2.1 anatase 
W100 100 10.03 814 3.02 2.2 1.6 anatase 
W150 150 13.87 889 3.00 1.4 0.8 anatase/rutile 
W180 180 15.84 896 2.98 0.9 0.6 rutile 
Once again, photocatalytic activity was assessed in terms of the degradation rate of methylene blue 
and band gap shifts were calculated from Tauc plots [40]. The results are also included in Table 2, 
together with surface area measurements calculated from white light profilometer scans. The rate 
constants obtained from the MB tests under UV and fluorescent light sources are also shown 
graphically as a function of W content in Figure 7, together with the surface area values for both sets 
of coatings. A clear, sharp peak in activity occurred at 5.9 at% W, with the ka values showing an 
approximately five-fold increase compared to the values for pure titania coatings. Further increases in 
W content beyond 5.9 at% lead to a rapid fall off in activity levels. The peak in activity appears to 
almost coincide with the peak in surface area of these coatings (as determined by white light 
profilometry). Whilst increased surface area would be expected to contribute to an increase in activity, 
due to the greater area in contact with the MB, consideration of the data presented shows that the 
maximum to minimum variation in surface area is only around 2%, which cannot alone account for  
the 500% increase in activity. Furthermore, the band gap of the coatings decreased progressively with 
W-content, from 3.12 at 3.8 at% to 2.98 at 15.8 at%, implying that the increased activity is not linked 
in this instance to a reduction in band gap energy. 
A mechanism has been forward by a number of authors to account for the increase in activity at 
specific tungsten dopant levels [51]. When the photocatalyst is irradiated, the photogenerated electrons 
will be transferred into the tungsten oxide conduction band, which is located lower than the 
corresponding band of titanium dioxide (2.5–2.8 eV). Conversely, the holes will accumulate on the 
valence band of titania, promoting efficient charge separation. In the case of coatings with higher W 
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content, excessive levels of dopant act as recombination centres for photogenerated electrons and 
holes. Additionally, the formation of a separate phase of tungsten oxide reduces the surface area of 
titanium dioxide, as proved by the surface morphology results, and thus reduces the area of contact 
between the pollutant and the photocatalyst. These factors result in a significant loss of photocatalytic 
activity for higher W-content coatings. 
Figure 7. Variation in MB degradation rates for UV and fluorescent light irradiation and 
surface area, as functions of W content for W-doped titania coatings after annealing at 600 °C. 
 
3.1.4. Synergistic Effects of Co-Doping with Molybdenum and Nitrogen 
To investigate the potential of co-doping with two elements, a batch of Mo-doped coatings were 
produced, which also incorporated varying levels of nitrogen. Coatings with the previously determined 
optimum Mo dopant level of 2.4 at% were used for these experiments. Coatings doped only with 
nitrogen were also produced for comparison purposes. Details of the coating compositions are given in 
Table 3. Once again, these coatings were post-deposition annealed at 600 °C prior to testing. Despite 
using the same range of flow rates, it can be seen that the nitrogen content was significantly lower in 
the N-doped only coatings, compared to the co-doped coatings. Indeed, the nitrogen content in 
coatings N1–N5 was too low to be quantified with the techniques used here (XPS and EDX).  
Co-doping with N and Mo is known to increase the solubility limits of both N and Mo in TiO2 [31]. 
This effect is described as being more pronounced in the case of nitrogen, as the solubility of N in 
titania is usually very low. The data presented here are in good agreement with this finding. Further 
detailed interpretation of the XPS analyses has been given elsewhere [41]. 
Raman analysis of the coatings confirmed an anatase structure for the annealed coatings, which 
XRD indicated had a strong (1 0 1) texture (not shown here) [41]. Band gap values and MB 
degradation rates are listed in Table 4. For the N-doped only coatings, samples N1 and N3 show some 
increase in UV activity, compared to the undoped titania coating, but apart from these two results, the 
effect of N-doping alone is negligible. However, the results for the co-doped coatings show a progressive 
increase in UV and fluorescent activity, with coating MoN7 demonstrating the highest activity under 
both light sources. This coating showed an increase in UV light activity of >4× and an increase in 
fluorescent light activity of >9× that of the pure titania coating. The equivalent values when compared 
to the Mo-only doped coating are both approximately a 3× increase in activity. Furthermore, visible 
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light testing (using the 395 nm long pass filter) demonstrated that these coatings also exhibited some 
activity under this light source, while for undoped/N-doped titania coatings no activity was recorded. 
Table 3. Compositional properties and thickness of titania coatings doped with nitrogen 
(“N” series) and co-doped with molybdenum/nitrogen (“MoN” series). 
Dopant Sample ID Flow of Nitrogen, Sccm Content of Nitrogen, at% Coating Thickness, nm 
Mo TiO2 + Mo - - 685 
N 
N1 1 <1% 654 
N3 3 <1% 657 
N5 5 <1% 654 
N7 7 1.09 658 
N10 10 3.67 661 
Mo + N 
MoN1 1 1.22 760 
MoN3 3 3.08 764 
MoN5 5 4.95 758 
MoN7 7 7.13 761 
MoN10 10 9.12 766 
Table 4. Band gap values and MB degradation rate constants for N-doped and Mo-N  
co-doped titania coatings. 
Sample ID Band Gap Band Gap Shift (Compared to TiO2) 
ka × 10−5, s−1 ka × 10−5, s−1 ka × 10−5, s−1 
eV UV Light Fluor. Light Vis. Light 
TiO2 3.15 - 1.7 0.6 0 
TiO2 + Mo 3.00  −0.15 2.8 1.8 0.6 
N1 3.22 +0.07 3.6 0.9 0 
N3 3.22 +0.07 2.9 1.6 0 
N5 3.20 +0.05 1.7 1.1 0 
N7 3.14 −0.01 1.7 1.0 0 
N10 3.08 −0.07 1.4 0.9 0 
MoN1 3.09 −0.06 1.0 0.6 0 
MoN3 3.09 −0.06 4.9 1.7 0.4 
MoN5 3.05 −0.10 6.9 2.1 0.7 
MoN7 3.04 −0.11 7.5 5.6 1.2 
MoN10 3.07 −0.08 5.6 3.7 1.0 
The results of photocatalytic tests showed that doping with nitrogen only had at best a moderately 
positive effect on photocatalytic activity, while co-doping with nitrogen and molybdenum resulted in 
significant improvements in photocatalytic activity. The efficiency of N-doped coatings under UV light, 
compared to that of undoped titania, was higher by a factor of 2 at most and generally lower than this. 
However, despite widely published information about N-doping as an efficient method of improving 
the photocatalytic properties under fluorescent/visible light [30,52], the N-doped titania coatings 
studied in this work had only a marginally higher efficiency of MB degradation under the fluorescent 
light source. As no noticeable band gap shift towards the visible range was observed, the increased 
photocatalytic activity under the fluorescent light source could only be attributed to improved electron-hole 
separation and the extended lifetime of charge carriers, as a result of nitrogen incorporation. 
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The observed increase in activity of the co-doped coatings can be assumed to be a result of more 
efficient electron-hole separation, compared to undoped or singly Mo- or N-doped titania coatings, due 
to the synergistic effect of Mo-N co-doping. A mechanism of explaining more efficient charge carrier 
separation was proposed by Cheng et al., who observed similar results for Mo-N co-doped coatings 
prepared by a hydrolysis-precipitation method [38]. In the proposed mechanism nitrogen and 
molybdenum create local energy levels within the titania band gap, and therefore several ways of 
charge carrier excitation are available, and consequently more photo-induced charge carriers can be 
efficiently separated to participate in the photocatalytic process. Co-doped coatings with optimum 
content of nitrogen and molybdenum demonstrate significantly higher photocatalytic activity, due to 
more efficient charge carrier separation and their extended lifetimes. A shift of the band gap towards 
the visible range, compared to undoped titania, enables the presence of photocatalytic activity under 
fluorescent and visible light sources. 
3.2. Characterisation of As-Deposited HiPIMS Titania Coatings 
In a preliminary study using the HiPIMS process, coatings were deposited from a single titanium 
target and a Ti target containing 5 at% W [42]. Analysis by Raman spectroscopy of the as-deposited 
coatings indicated that the pure titania samples had formed a mixed anatase/rutile structure, whereas 
the W-doped coatings had only a weakly crystalline anatase structure. Example spectra are shown in 
Figure 8. These spectra imply that the presence of tungsten in the coating has suppressed the formation 
of a crystalline structure, as observed previously for the coatings deposited by pulsed DC sputtering. 
The band gap data and photocatalytic activity rate constants for these coatings are listed in Table 5.  
A number of interesting points emerge from these data. Firstly, the UV light rate constants (ka values  
~2.0 to 2.4 × 10−5·s−1) are noticeably higher than those obtained for pulsed DC titania coatings after 
annealing (typically ka = 1.7 × 10−5·s−1). It was also observed that the presence of W reduced the  
band gap of these coatings quite considerably (by 0.14–0.15 eV), which in turn lead to a 2 to 4 fold 
improvement in the level of fluorescent light activity for the doped coatings. Finally, the W-doped 
HiPIMS titania coatings displayed visible light activity levels very close to the values measured under 
fluorescent light sources. 
Figure 8. Raman spectra of as-deposited W-doped (TiO2-W) and undoped titania (TiO2) 
coatings deposited by HiPIMS on glass substrates. 
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Table 5. Overview of deposition conditions and properties of titania and W-doped titania 
coatings deposited on glass substrates by HiPIMS. 
Coating 
ID 
Mean Sputtering 
Power 
W 
Band 
Gap 
Surface 
Roughness 
Surface 
Area 
ka × 10−5 ka × 10−5 ka × 10−5 
kW at% eV μm μm2 UV Light, 
s−1 
Fluorescent 
Light, s−1 
Visible Light, 
s−1 
TiO2 44 - 3.21 0.084 5521 2.0 0.3 - 
TiO2W 44 5.67 3.04 0.092 5524 2.1 1.2 0.9 
Having demonstrated the potential of the HiPIMS process, further studies were carried out to 
attempt to optimise the performance of the coatings produced by this technique [43]. Process variables 
including deposition pressure, pulse width (i.e., duration of the power pulse delivered to the target) and 
pulse frequency were varied and their impact on photocatalytic activity and water contact angle was 
investigated. Of these variables, deposition pressure emerged as the most influential. This is clearly 
illustrated in Figure 9, which compares the variation with coating pressure of contact angle and the 
photocatalytic activity rate constants for MB degradation under UV light irradiation. Following these 
experiments, coatings were deposited directly onto PET and polycarbonate (PC) substrates under 
optimised conditions. Within experimental accuracy, the same values of first order rate constants were 
obtained for these coatings, independent of the substrate materials tested (glass, PET and PC). 
Figure 9. Variation in water contact angle and UV light photocatalytic rate constant as a 
function of deposition pressure for titania coatings deposited on glass substrates by HiPIMS. 
Images of the water droplets are included for samples deposited at 0.16 and 0.93 Pa. 
 
3.3. Antimicrobial Activity 
The antimicrobial activity against E. coli of selected Mo- and W- doped titania coatings was 
assessed and compared to pure titania coatings and stainless steel controls. As mentioned earlier,  
304 2B stainless steel was chosen for its compatibility with industrial processing. The coatings were 
deposited by pulsed DC magnetron sputtering, using the conditions described earlier, and then 
annealed at 600 °C. Interestingly, for this choice of substrate material, a higher molybdenum content 
(6.9 at%) was found to provide the greatest photocatalytic activity from MB tests (compared with  
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2.44 at% for glass), so this dopant content was used, along with coatings doped with 3.8 at% W, which 
were also found to be optimal in this case. This finding concurs with other studies that have shown that 
the choice of substrate material (particularly whether it is electrically conductive or not) influences 
photocatalytic activity [53]. 
The stainless steel controls did not reduce the number E. coli colony forming units in light or dark 
conditions in a 48 h period (Figure 10). The pure titania coatings showed only a weak photocatalytic 
effect in reducing the number of colony forming units by 2-logs in this time period. However, coatings 
doped with Mo eradicated E. coli within 24 h in both light and dark conditions. The activity displayed 
in the dark suggests that the surface is dual functioning, being both photocatalytic (as determined by 
the degradation of MB) and innately antimicrobial. W-doped coatings also reduced microbial counts 
by 5-logs within 48 h in the light but not the dark, i.e., only photocatalytic behaviour was observed. All 
doped surfaces displayed an ability to inactivate E. coli when tested under visible light and, in the Mo 
case, when in the dark, highlighting the potential use of such surfaces for indoor applications, allowing 
a choice between a coating with an active antimicrobial function (Mo), or one which is inert unless 
irradiated (W), depending on requirements and regulations. 
Figure 10. Antimicrobial effect of TiO2, TiO2-Mo and TiO2-W surfaces on Escherichia coli 
Stainless steel surfaces were used as controls and light and dark conditions were investigated.  
 
4. Discussion 
This paper has considered a number of deposition and doping strategies for the production of 
titania-based photocatalytically active thin films. Reactive magnetron sputtering is a versatile, flexible 
technique for the production of high quality, fully dense coatings. When operating in pulsed DC mode, 
it provides a stable, arc-free process for the deposition of dielectric materials, such as titania. 
Furthermore, the coatings can be readily doped via transition metals, or via non-metal gaseous species, 
or a combination of both. In each case, control of the dopant level is straightforward. However, when 
operating in this mode, the as-deposited coatings were found to be amorphous and, therefore, showed 
no activity. Effective annealing temperatures for structural formation varied with dopant element.  
Mo-doped coatings annealed at 400 °C were found to demonstrate significantly higher activities than 
pure titania coatings annealed at the same temperature, whereas a temperature of 600 °C was required 
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to achieve the same result for the W-doped coatings. Figure 11 additionally shows that the synergistic 
effect obtained by co-doping with Mo and N also produced coatings with a UV activity, close to that of 
the W-doped coatings, and a noticeably higher activity in fluorescent light. The UV and fluorescent 
light activities of the W-doped and MoN co-doped coatings also exceed the values shown in Figure 11 
obtained for a sample of Pilkington’s Activ, which is a commercially available product. Direct 
comparisons with this sample should be avoided, because it is produced via a chemical vapour 
deposition pyrolysis route and is significantly thinner than the sputtered coatings. However, as there is 
a dearth of “standard samples” in this field, it still serves as a useful guide to relative activity levels. A 
mixed anatase/rutile phase was detected for the samples with the highest levels of tungsten doping in 
the pulsed DC study, although the best photocatalytic results were still found for anatase coatings. In 
contrast, for the pure titania deposited via HiPIMS, a mixed phase structure gave superior 
photocatalytic activity [43]. This, of course, is not a new finding and several researchers have proposed 
that the mixed phase structure is optimal for photocatalytic activity [10,20]. 
Figure 11. Bar chart of maximum rate constants obtained for the decomposition of methylene 
blue under UV and fluorescent light sources for pure titania coatings, transition metal 
doped titania coatings, Mo and N co-doped coatings deposited by pulsed DC magnetron 
sputtering (annealed at 600 °C) and titania and W-doped titania coatings deposited by 
HiPIMS (as-deposited). 
 
The HiPIMS process is still in the development stage and there remain issues with power supply 
stability and process control. Nevertheless, the potential of this process to produce, at least, semi-crystalline 
coatings in the as-deposited state is a clear advantage over other deposition processes. Furthermore, the 
low net deposition temperature makes it a suitable technique for deposition onto thermally sensitive 
materials, as demonstrated here with PET and PC substrates. The data presented in Figure 11 indicates 
that, when optimised, the HiPIMS pure titania coatings could achieve approximately twice the UV 
activity rate of the annealed pulsed DC coatings. The W-doped HiPIMS showed a reduction in UV 
activity, attributed to the weaker crystalline structure, but higher fluorescent light activity, attributed to 
a substantial band gap shift. 
The capacity to break down organic compounds, as modelled here with methylene blue, is just one 
of the phenomena associated with photocatalytic coatings. The inactivation of microorganisms is 
another important ability. Numerous researchers have claimed antimicrobial activity for their coatings, 
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but care must be taken in assessing these claims. The test method for antibacterial activity of 
photocatalytic materials is complex, requiring specific experimental conditions to be met and multiple 
repeat experiments if results are to be tested for reproducibility and compared to other published data. 
The results presented here are a case in point. A limited number of replicates were tested and only one 
microorganism was used; the Gram-negative E. coli. Ideally, more replicates would be tested and a 
Gram-positive microorganism, such as Staphylococcus aureus, would also be investigated. Despite 
this, the doped titania coatings showed the ability to eradicate E coli within 24 to 48 h. There was also 
an interesting distinction between the dopant elements, with the Mo-doped coatings being effective in 
light and dark and the W-doped coatings only being effective in the light. These results certainly merit 
more detailed investigation in the future. The recent introduction of antibacterial testing under indoor 
lighting (ISO 17094:2014) [54] has now allowed for visible light active photocatalytic surfaces to be 
tested more precisely, however, a more rapid antimicrobial testing method which could be performed 
by non-microbiologist would still be valuable. 
5. Conclusions 
Reactive magnetron sputtering techniques have been used to produce a range of titania and doped 
titania coatings. Choice of deposition technique (pulsed DC sputtering or HiPIMS) and choice of dopant 
element had a significant influence on structural formation and, subsequently, photocatalytic activity for 
these coatings. Pulsed DC coatings were amorphous in the as-deposited state, with no measurable 
activity against methylene blue, whereas the HiPIMS coatings were weakly crystalline as-deposited with 
moderate levels of activity. The benefits of this technique were further demonstrated by depositing active 
coatings onto polymeric substrates in a single stage process. Of the transition metals investigated as 
dopant elements, molybdenum and tungsten were the most effective. The highest UV activity recorded 
in these experiments was achieved by coatings doped with 5.9 at% W after annealing at 600 °C. This 
was slightly higher than the UV activity of MoN-doped coatings after annealing, but the co-doped 
coatings showed a higher level of activity under fluorescent light irradiation. Although only limited tests 
were performed, the Mo- and W- doped coatings also demonstrated the ability to inactivate E. coli. In the 
former case, the coatings were both antimicrobial (active in the dark) and photocatalytic (active in the 
light), whereas the W-doped coatings only displayed photocatalytic activity. 
Acknowledgments 
Funding for some of the antimicrobial aspects of this work from the Technology Strategy Board 
(UK) is gratefully acknowledged. The authors would also like to thank Xiaohong Xia and Yun Gao 
from the Faculty of Materials Science and Engineering, Hubei University, China for providing XPS 
analysis of selected coatings. 
Author Contributions 
Kelly was the main author of this paper and part of the supervisory team for the experimental 
programmes described here. West and Verran were also part of the project supervisory teams.  
Ratova conducted the majority of the experimental work on the production and testing of the 
Molecules 2014, 19 16345 
 
 
photocatalytic coatings. Fisher and Ostovarpour were responsible for the production and testing of the 
antimicrobial coatings. 
Conflicts of Interest 
The authors declare no conflict of interest.  
References 
1. Paz, Y. Application of TiO2 photocatalysis for air treatment: Patents’ overview. Appl. Catal.  
B Environ. 2010, 99, 448–460. 
2. Vidal, A. Developments in solar photocatalysis for water purification. Chemosphere 1998, 36, 
2593–2606. 
3. Fujishima, A.; Zhang, X. Titanium dioxide photocatalysis: Present situation and future approaches. 
CR Chim. 2006, 9, 750–760. 
4. Markowska-Szczupak, A.; Ulfig, K.; Morawski, A.W. The application of titanium dioxide for 
deactivation of bioparticulates: An overview. Catal. Today 2011, 169, 249–257. 
5. Fujishima, A.; Rao, T.N.; Tryk, D.A. Titanium dioxide photocatalysis. J. Photochem. Photobiol. 
C Photochem. Rev. 2000, 1, 1–21. 
6. Yang, Y.; Li, X.J.; Chen, J.T.; Wang, L.Y. Effect of doping mode on the photocatalytic activities 
of Mo/TiO2. J. Photochem. Photobiol. A 2004, 163, 517–522. 
7. Allen, N.S.; Edge, M.; Verran, J.; Stratton, J.; Maltby, J.; Bygott, C. Photocatalytic titania based 
surfaces: Environmental benefits. Polym. Degrad. Stab. 2008, 93, 1632–1646. 
8. Braham, R.J.; Harris, A.T. Review of major design and scale-up considerations for solar 
photocatalytic reactors. Ind. Eng. Chem. Res. 2009, 48, 8890–8905. 
9. McCullagh, C.; Robertson, P.K.J.; Adams, M.; Pollard, P.M.; Mohammed, A. Development of a 
slurry continuous flow reactor for photocatalytic treatment of industrial waste water. J. Photochem. 
Photobiol. A 2010, 211, 42–46. 
10. Zhao, L.; Han, M.; Lian, J. Photocatalytic activity of TiO2 films with mixed anatase and rutile 
structures prepared by pulsed laser deposition. Thin Solid Films 2008, 516, 3394–3398. 
11. Musil, J.; Herman, D.; Sicha, J. Low-temperature sputtering of crystalline TiO2 films. J. Vac.  
Sci. Technol. 2008, 24, 3793–3800. 
12. Šícha, J.; Musil, J.; Meissner, M.; Čerstvý, R. Nanostructure of photocatalytic TiO2 films 
sputtered at temperatures below 200 °C. Appl. Surf. Sci. 2008, 254, 3793–3800. 
13. Frach, P.; Glöß, D.; Metzner, C.; Modes, T.; Scheffel, B.; Zywitzki, O. Deposition of photocatalytic 
TiO2 layers by pulse magnetron sputtering and by plasma-activated evaporation. Vacuum 2006, 
80, 679–683. 
14. Zhang, F.; Wolf, G.K.; Wang, X.; Liu, X. Surface properties of silver doped titanium oxide films. 
Surf. Coat. Technol. 2001, 148, 65–70. 
15. Yates, H.M.; Brook, L.A.; Ditta, I.B.; Evans, P.; Foster, H.A.; Sheel, D.W.; Steele, A. Photo-induced 
self-cleaning and biocidal behaviour of titania and copper oxide multilayers. J. Photochem. 
Photobiol. A 2008, 197, 197–205. 
Molecules 2014, 19 16346 
 
 
16. Yaghoubi, H.; Taghavinia, N.; Alamdari, E.K. Self-cleaning TiO2 coating on polycarbonate: 
Surface treatment, photocatalytic and nanomechanical properties. Surf. Coat. Technol. 2010, 204, 
1562–1568. 
17. Yang, J.H.; Han, Y.S.; Choy, J.H. TiO2 thin-films on polymer substrates and their photocatalytic 
activity. Thin Solid Films 2006, 495, 266–271. 
18. Wei, F.; Ni, L.; Cui, P. Preparation and characterization of N-S-codoped TiO2 photocatalyst and 
its photocatalytic activity. J. Hazard. Mater. 2008, 156, 135–140. 
19. Lee, C.S.; Kim, J.; Son, J.Y.; Choi, W.; Kim, H. Photocatalytic functional coatings of TiO2 thin 
films on polymer substrate by plasma enhanced atomic layer deposition. Appl. Catal. B Environ. 
2009, 91, 628–633. 
20. Kääriäinen, M.L.; Cameron, D.C. The importance of the majority carrier polarity and p-n junction 
in titanium dioxide films to their photoactivity and photocatalytic properties. Surf. Sci. 2012, 606, 
L22–L25. 
21. Kelly, P.J.; Arnell, R.D. Magnetron sputtering: A review of recent developments and applications. 
Vacuum 2000, 56, 159–172. 
22. Kelly, P.J.; Bradley, J.W. Pulsed magnetron sputtering—Process overview and applications.  
J. Optoelectron. Adv. Mater. 2009, 11, 1101–1107. 
23. Lundin, D.; Sarakinos, K. Smoothing of discharge inhomogeneities at high currents in gasless 
high power impulse magnetron sputtering. J. Mater. Res. 2012, 27, 780–792. 
24. West, G.; Kelly, P.; Barker, P.; Mishra, A.; Bradley, J. Measurements of deposition rate and 
substrate heating in a HiPIMS discharge. Plasma Process. Polym. 2009, 6, S543–S547. 
25. Sarakinos, K.; Alami, J.; Konstantinidis, S. High power pulsed magnetron sputtering: A review on 
scientific and engineering state of the art. Surf. Coat. Technol. 2010; 204, 1661–1684. 
26. Kelly, P.J.; Barker, P.M.; Ostovarpour, S.; Ratova, M.; West, G.T.; Iordanova, I.; Bradley, J.W. 
Deposition of photocatalytic titania coatings on polymeric substrates by HiPIMS. Vacuum 2012, 
86, 1880–1882. 
27. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Visible-light photocatalysis in  
nitrogen-doped titanium oxides. Science 2001, 293, 269–271. 
28. Tavares, C.J.; Marques, S.M.; Viseu, T.; Teixeira, V.; Carneiro, J.O.; Alves, E.; Barradas, N.P.; 
Munnik, F.; Girardeau, T.; Rivière, J.P. Enhancement of the photocatalytic nature of nitrogen-doped 
PVD-grown titanium dioxide thin films. J. Appl. Phys. 2009, 106, 113535. 
29. Chiu, S.M.; Chen, Z.S.; Yang, K.Y.; Hsu, Y.L.; Gan, D. Photocatalytic activity of doped TiO2 
coatings prepared by sputtering deposition. J. Mater. Process. Technol. 2007, 192–193, 60–67. 
30. Wong, M.S.; Pang, C.H.; Yang, T.S. Reactively sputtered N-doped titanium oxide films as 
visible-light photocatalyst. Thin Solid Films 2006, 494, 244–249. 
31. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; 
Hamilton, J.W.J.; Byrne, J.A.; O’Shea, K.; et al. A review on the visible light active titanium 
dioxide photocatalysts for environmental applications. Appl. Catal. B Environ. 2012, 125, 331–349. 
32. Liu, H.; Lu, Z.; Yue, L.; Liu, J.; Gan, Z.; Shu, C.; Zhang, T.; Shi, J.; Xiong, R. Mo-N co-doped 
TiO2 for enhanced visible-light photoactivity. Appl. Surf. Sci. 2011, 257, 9355–9361. 
Molecules 2014, 19 16347 
 
 
33. Choi, W.; Termin, A.; Hoffmann, M.R. The role of metal ion dopants in quantum-sized TiO2: 
Correlation between photoreactivity and charge carrier recombination dynamics. J. Phys. Chem. 
1994, 98, 13669–13679. 
34. Li, X.Z.; Li, F.B.; Yang, C.L.; Ge, W.K. Photocatalytic activity of WOx-TiO2 under visible light 
irradiation. J. Photochem. Photobiol. A 2001, 141, 209–217. 
35. Peng, Y.H.; Huang, G.F.; Huang, W.Q. Visible-light absorption and photocatalytic activity of  
Cr-doped TiO2 nanocrystal films. Adv. Powder Technol. 2012, 23, 8–12. 
36. Akbarzadeh, R.; Umbarkar, S.B.; Sonawane, R.S.; Takle, S.; Dongare, M.K. Vanadia–titania thin 
films for photocatalytic degradation of formaldehyde in sunlight. Appl. Catal. A Gen. 2010, 374, 
103–109. 
37. Štengl, V.; Bakardjieva, S.; Murafa, N. Preparation and photocatalytic activity of rare earth doped 
TiO2 nanoparticles. Mater. Chem. Phys. 2009, 114, 217–226. 
38. Heng, X.; Yu, X.; Xing, Z. Characterization and mechanism analysis of Mo–N-co-doped TiO2 
nano-photocatalyst and its enhanced visible activity. J. Colloid Interface Sci. 2012, 372, 1–5. 
39. Ratova, M.; Kelly, P.J.; West, G.T.; Iordanova, I. Enhanced properties of magnetron sputtered 
photocatalytic coatings via transition metal doping. Surf. Coat. Technol. 2013, 228, S544–S549. 
40. Ratova, M.; West, G.T.; Kelly, P.J. Optimization study of photocatalytic tungsten-doped coatings 
deposited by reactive magnetron co-sputtering. Coatings 2013, 3, 194–207. 
41. Ratova, M.; West, G.T.; Kelly, P.J.; Xia, X.; Gao, Y. Synergistic effect of doping with nitrogen 
and molybdenum on the photocatalytic properties of thin titania films. Vacuum 2014, in press. 
42. Ratova, M.; West, G.T.; Kelly, P.J. HiPIMS deposition of tungsten-doped titania coatings for 
photocatalytic applications. Vacuum 2014, 102, 48–50. 
43. Ratova, M.; West, G.T.; Kelly, P.J. Optimisation of hipims photocatalytic titania coatings for low 
temperature deposition. Surf. Coat. Technol. 2014, 250, 7–13. 
44. Onifade, A.A.; Kelly, P.J. The influence of deposition parameters on the structure and properties 
of magnetron-sputtered titania coatings. Thin Solid Films 2006, 494, 8–12. 
45. Tauc, J.; Grigorovici, R.; Vancu, A. Optical properties and electronic structure of amorphous 
germanium. Phys. Status Solidi 1966, 15, 627–637. 
46. ISO10678. Fine Ceramics, Advanced Technical Ceramics—Determination of Photocatalytic 
Activity of Surfaces in an Aqueous Medium by Degradation of Methylene Blue; International 
Organisation for Standards: Geneva, Switzerland, 2010. 
47. ISO27447. Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics). Test Methods for 
Antibacterial Activity of Semiconducting Photocatalytic Materials; International Organisation for 
Standards, Geneva, Switzerland, 2009. 
48. Fisher, L.; Ostovarpour, S.; Kelly, P.; Whitehead, K.A.; Cooke, K.; Stogråds, E.; Verran, J. 
Molybdenum doped titanium dioxide photocatalytic coatings for use as hygienic surfaces—The 
effect of soiling on antimicrobial activity. Biofouling 2014, 30, 911–919. 
49. Navabpour, P.; Ostovarpour, S.; Tattershall, C.; Cooke, K.; Kelly, P.; Verran, J.; Whitehead, K.; 
Hill, C.; Raulio, M.; Priha, O. Photocatalytic TiO2 and Doped TiO2 Coatings to Improve the 
Hygiene of Surfaces Used in Food and Beverage Processing—A Study of the Physical and 
Chemical Resistance of the Coatings. Coatings 2014, 4, 433–449. 
Molecules 2014, 19 16348 
 
 
50. Kulczyk-Malecka, J.; Kelly, P.J.; West, G.; Clarke, G.C.; Ridealgh, J.A. Characterisation Studies of 
the Structure and Properties of As-Deposited and Annealed Pulsed Magnetron Sputtered Titania 
Coatings. Coatings 2013, 3, 166–176. 
51. Lorret, O.; Francová, D.; Waldner, G.; Stelzer, N. W-doped titania nanoparticles for UV and 
visible-light photocatalytic reactions. Appl. Catal. B Environ. 2009, 91, 39–46. 
52. Qin, H.L.; Gu, G.B.; Liu, S. Preparation of nitrogen-doped titania with visible-light activity and 
its application. CR Chim. 2008, 11, 95–100. 
53. Yao, M.; Chen, J.; Zhao, C.; Chen, Y. Photocatalytic activities of ion doped TiO2 thin films when 
prepared on different substrates. Thin Solid Films 2009, 517, 5994–5999. 
54. ISO17094. Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics). Test Methods  
for Antibacterial Activity of Semiconducting Photocatalytic Materials under Indoor Lighting 
Environments; International Organisation for Standards: Geneva, Switzerland, 2014. 
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
INVESTIGATING THE POTENTIAL FOR THE USE OF 
PHOTOCATALYTIC SURFACES IN PROCESS HYGIENE IN THE 
BREWING INDUSTRY 
 
Joanna Verran
1
, Soheyla Ostovarpour
1,2
, Leanne Fisher
1*
, Kathryn Whitehead
1
, Peter Kelly
2
, 
Outi Priha
3
, Mari Raulio
3
, Erna Storgårds
3
 
1
 School of Healthcare Science, Manchester Metropolitan University, UK 
2 
School of Research, Enterprise and Innovation, Manchester Metropolitan University, UK 
3
 VTT Technical Research Centre of Finland, Espoo, Finland 
 
ABSTRACT 
 
Process hygiene plays a major role in ensuring beer quality. One approach to the reduction 
of fouling in this industry - and in any other associated with food production - is the use of 
photocatalytic surfaces such as those including titania (titanium dioxide), which is active 
under UV light. These coatings are inert when not photoactive, and their self-cleaning 
attributes are ecologically and toxicologically desirable. TiO2 coatings can be doped with 
transition metals (in this case, molybdenum, tungsten and niobium) to extend activity under 
fluorescent light. The aim of this study was to produce doped coatings on stainless steel and 
to explore their potential for use in the brewing industry. 
Coatings were produced using magnetron sputtering. Characterisation indicated the 
presence of photoactive phases of titania (anatase and rutile) as well as the presence of 
dopants. Assessment of photocatalytic activity was via degradation of methylene blue. Tests 
for chemical resistance to acid and alkali (components of potential cleaning products) 
indicated that the coatings were robust, well attached to the substratum, and that they 
retained their photoactivity. Photocatalytic antimicrobial activity was explored using three 
brewery isolates and Escherichia coli (following ISO 27447:2009).  
The addition of molybdenum to the coating enhanced activity under fluorescent (visible) light 
in comparison to titania alone, but the surface was also antimicrobial in the dark. This innate 
antimicrobial activity was attributed to the presence of molybdenum. Thus these coatings 
presented dual function: antimicrobial and photoactive. The addition of niobium enhanced 
activity under fluorescent light, but no innate (dark) activity was noted. Any effect of tungsten 
was concentration dependent. 
Titania-molybdenum surfaces were placed in the brewery environment (around filling lines) 
for 12 months, and were tested three times for photocatalytic activity and stability of coating. 
The use of small numbers of samples precluded statistical analysis of data, but there was 
evidence that photoactivity was retained to varying extents, and molybdenum was also 
largely retained on the coating. There was also some damage visible in terms of coating 
stability on occasion. Longer term studies investigating any antimicrobial or antifouling 
properties of the surface failed to demonstrate significant effects, again likely attributable to 
the very low numbers of replicate samples.  
Overall, findings indicate potential for these doped surfaces in enhancing plant hygiene and 
complementing existing cleaning and disinfection protocols, whilst offering both innate 
(antimicrobial in the dark) and photoactive properties. Further work will explore the stability 
of these coatings, batch variability, and the development of additional in vitro tests prior to in 
situ investigations.  
 
 
 
 
INTRODUCTION 
 
It is widely recognised that environmental surfaces can act as reservoirs for microbial fouling 
and in recent years there have been many publications regarding photocatalytic disinfection 
with reports referring to the destruction of Gram positive and Gram negative bacteria as well 
as fungi, algae, protozoa, endospores and viruses (Foster et al., 2011). Titanium dioxide 
(TiO2) as a photocatalyst is a semiconductor with a wide band gap (3.2 eV), which can be 
excited by ultraviolet (UV) irradiation (λ <380 nm). Photons with energy equal to or higher 
than its band gap can promote an electron from the valence band to the conduction band, 
producing electron-hole pairs. The photogenerated electron-hole pairs react with molecular 
oxygen and water to produce radical species (Fujishima et al., 2000; Daviðsdóttir et al., 
2013). These reactive radical species are able to decompose organic compounds and 
inactivate microorganisms. Both the photocatalytic disinfection and self-cleaning properties 
of TiO2 surfaces make them potentially applicable to areas where microbial fouling can arise, 
for example, in the food and beverage industries.  
 
Within a brewery environment, the hygienic status of process surfaces plays a major role in 
ensuring the quality of beer. Beer production and dispensing often takes place in closed 
systems, where in-place cleaning procedures are applied (Storgårds, 2000). The cleaning and 
disinfection regimes employed are essential for removing product deposits and microbial 
populations. However, long production runs between cleaning cycles are typical, making 
such systems more susceptible to bacterial accumulation. The accumulation of bacteria on 
surfaces can lead to the development of biofilms, which once established, can be difficult to 
eradicate from surfaces using conventional disinfection regimes. The use of photocatalytic 
surfaces under such circumstances could help towards discouraging the build-up of microbial 
populations during long production runs and in between disinfection cycle. However, since 
UV light is required to activate photocatalytic surfaces, the use of TiO2 in indoor situations is 
limited.  
 
Doping TiO2 with transition metals causes a shift reduction in the band gap, enabling surfaces 
to become more active under visible light (Wilke and Breuer, 1999). Titanium dioxide doped 
with a transition metal can be deposited as a thin film coating onto surfaces such as stainless 
steel, typically used in breweries. The aim of this study was to produce doped coatings on 
stainless steel and to characterize and explore their potential for use in the brewing industry. 
 
 
EXPERIMENTAL 
 
Production of photocatalytic thin films 
Stainless steel (AISI 304-2B) was used as a substrate upon which thin films of TiO2 doped 
with molybdenum (Mo), niobium (Nb) and tungsten (W) were deposited by a closed field 
unbalanced magnetron sputtering (Teer Coatings Ltd, Droitwich, UK) (Laing et al., 1999). 
The production of the thin films was as described by Ratova et al., 2013. Deposition times 
were adapted to obtain a film thickness of 800 nm - 1 µm and the sputtered films were post 
deposition annealed at either 400 °C or 600 °C for 30 minutes in air. 
 
Coating characterization 
Energy dispersive X-ray spectroscopy (EDX – Edax Trident) was employed to analyse the 
coating compositions and determine the dopant levels. X-ray diffraction (XRD) in the θ-20 
mode (URD6 Seiferd & Co diffractometer with CuKα1 radiation at 0.154 nm) and Raman 
spectroscopy (Renishaw Invia, 514 nm laser) were used to obtain information regarding the 
coatings crystalline structure. To determine coating adhesion to substrate, scratch adhesion 
testing was carried out using a ST3001 scratch tester (Teer Coatings Ltd, UK). A scratch 
track was produced using a 200 µm diameter diamond indenter under continuous progressive 
loads of 10-30 N at a load rate of 10 N min
-1
 and speed of 1 mm min
-1
. Scratch tracks were 
examined using SEM in order to evaluate any flaking caused by the scratch test. All 
procedures were performed post annealing. 
 
Photocatalytic activity 
Photocatalytic activity levels were determined via the degradation of the organic dye 
methylene blue (MB) (Alfa Aesar, UK) as described by Ratova et al., 2013, since MB is a 
dye often used as a model organic compound to measure photoreactivity. Photoactivity 
values were recorded for all the pure titania and the doped coatings and from those results, 
the optimal dopant level was identified.  
 
 Antimicrobial activity 
Escherichia coli (ATCC 8739) was used as a model organism in the first instance. 
Microorganisms isolated from brewery surfaces were obtained from VTT Culture Collection 
and included Pseudomonas rhodesiae E-031889, Serratia marcescens E-031888, and 
Wickerhamomyces anomalus C-02470. Measurements of the antimicrobial activity of the 
doped annealed photocatalytic surfaces were performed using ISO 27447:2009 as guidance 
(with minor modifications). In brief, approx 10
5 
cfu ml
-1 
of bacterial cells were placed on the 
surfaces and a polyethylene film was placed over the bacterial suspension to ensure even 
distribution. Surfaces were illuminated (wavelength range of 300-700 nm) in a 20 °C 
incubator (Gallenkamp, Loughborough, UK) fitted with six fluorescent lamps (Sylvania, 
Ontario, Canada) with an energy output of  6.4 mW cm
2
. At selected time points (0, 12, 24 
and 48 hours), surfaces were removed and vortexed for 1 minute in neutralizing broth (20 g l
-
1
 Soya Lectin (Holland and Barrett, UK) and 30 g l
-1
 Tween 80 (Sigma Aldrich, UK)). 
Bacteria were enumerated by plate counts. Acridine orange staining was performed on the 
surfaces following vortexing and enumeration to check bacterial removal efficacy. All tests 
were carried out in triplicate. Stainless steel was used as a light control and a set of coated 
surfaces were also kept in dark conditions to serve as further controls. 
 
Brewery trials 
Doped surfaces revealing the best antimicrobial and photocatalytic ability (TiO2-Mo) and 
pure titania coatings were placed in a brewery environment (around filling lines) for 12 
months, and were tested three times for photocatalytic activity and stability of coating. A 
further series of surfaces were assessed for antifouling ability over a period of 3 months. 
 
 
RESULTS AND DISCUSSION 
 
Production of photocatalytic thin films and photocatalytic activity 
Magnetron sputtering was used to deposit TiO2 doped with varying percentages of Mo, Nb 
and W onto stainless steel. A range of operating parameters and annealing temperatures were 
investigated and the dopants with the highest photocatalytic activity under visible light, as 
determined by the degradation of MB, were selected for further investigation and are shown 
in Table 1. Visible light activity was enhanced by the addition of all transition metals, with 
the Mo doped coating showing the highest photocatalytic activity value. 
 
Table 1. Dopant levels, predominant crystalline structure and photocatalytic activity levels 
under UV and fluorescent light irradiation for Mo-doped titania coatings deposited onto 
stainless steel substrates 
Sample at% 
dopant 
Power to 
dopant 
target (W) 
Annealing 
temperature 
(°C) 
Crystal 
structure 
PaUV PaFL 
TiO2 0 0 600 Anatase 0.69 0.41 
Ti-Mo 6.95 180 600 Anatase /rutile 0.88 0.72 
Ti-Nb 0.25 100 400 Anatase 0.84 0.53 
Ti-W 3.8 60 600 Anatase 0.71 0.45 
 
Coating characterization 
The annealed TiO2 doped surfaces were analysed by XRD and Raman spectroscopy (Figure 
1). For Mo, the XRD pattern showed the presence of the (1 0 1) anatase peak at 2θ = 25.4° 
and the (1 1 0) rutile peak at 2θ = 27.4° and several other minor peaks, whilst the Nb doped 
surface showed the presence of peaks corresponding to anatase only. In contrast, the Raman 
spectrum showed only anatase peaks at 144, 389, 515 and 638 cm
-1
 for all surfaces. Based on 
these analyses, the assumption must be that the structure of the TiO2-Mo coatings after 
annealing is a mixed phase, anatase/rutile structure, whilst TiO2-Nb and TiO2-W are anatase. 
 
 
 
(a)                   (b) 
 
Figure 1. (a) XRD pattern of TiO2-Mo and TiO2-Nb surfaces showing the anatase/rutile mix 
and anatase alone structure respectively and (b) Raman spectra of TiO2-Nb, TiO2-Mo and 
TiO2-W surface showing the crystal (anatase) structure of the coating. 
 
 
To investigate coating adherence to substratum, scratch tests were performed on all annealed 
surfaces. SEM images of the scratch tracks (Figure 2) show good adhesion of the coating and 
little flaking, which is of fundamental importance in the final application.  
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(a)          (b)   (c)     (d) 
Figure 2. SEM images of scratch test tracks performed on annealed (a) TiO2, (b) TiO2-Mo, 
(c) TiO2-Nb and (d) TiO2-W surfaces. 
 
Antimicrobial activity 
All 3 annealed coatings were tested for their antimicrobial activity against E. coli. The Mo 
doped surface proved the most effective and eradicated E. coli within 1 - 4 hours, whilst the 
Nb and W surfaces had a time kill of 48 hours. The Mo surface was also antimicrobial in the 
dark, whilst the Nb or W surfaces were not.   
 
 
      
(a)        (b) 
 
 
     (c) 
 
Figure 3. Antimicrobial effect of TiO2 coated surfaces doped with (a) molybdenum (Mo), (b) 
niobium (Nb) and (c) tungsten (W) against Escherichia coli. Stainless steel surfaces were 
used as controls and light and dark conditions were investigated.  
 
 
The most antimicrobially active coating (TiO2-Mo) was challenged further with the brewery 
organisms, P. rhodesiae, S. marcescens and W. anomalus (Figure 4). 
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Figure 4. Antimicrobial effect of TiO2 coated surfaces doped with molybdenum (Mo) on (a) 
Pseudomonas rhodesiae (b) Serratia marcescens and (c) Wickerhamomyces anomalus. 
Stainless steel surfaces were used as controls and light and dark conditions were investigated.  
 
P. rhodesiae and S. marcescens, counts reduced to 0 cfu and <15 cfu ml
-1
 respectively within 
24 hours in both light and dark conditions. W. anomalus counts reduced by 1-log compared to 
non-antimicrobial surfaces, but >10
3
 cfu ml
-1
 remained following longer irradiation times. 
The fact that yeast were less easily inactivated could be due to differences in the cell wall 
structure and the larger size and increased complexity of a eukaryotic cell which could make 
them more resistant in nature to oxidative agents, compared to bacterial cells and more 
resistant to killing. In a study by Yasuyuki et al., 2010, metals including titanium and 
molybdenum were tested for their antibacterial properties. The results showed titanium did 
not exhibit antibacterial properties, but molybdenum did. TEM images showed that metal 
accumulation resulted in the disruption of the bacterial cell wall and other cellular 
components which, was attributed to the presence of molybdenum. Similarly Zollfrank et al, 
2011,  report on antimicrobial properties of transition metal acids molybdic acid (H2MoO4), 
which is based on molybdenum trioxide (MoO3) and show the antimicrobial activity is based 
on the formation of an acidic surface deteriorating cell growth and proliferation. Results 
suggest the TiO2-Mo coating could have a dual function, being both photoactive according to 
MB tests and have innate antimicrobial ability. 
Brewery trials 
The pure TiO2 and TiO2-Mo surfaces were placed in the brewery environment (around filling 
lines) for 12 months, and were tested three times for photocatalytic activity and stability of 
coating. Figure 5 shows the photoactivity levels (in duplicate post brewery trial) as 
determined by the degradation of MB under UV and visible light, Mo remaining on the 
surface determined by EDX and coating adhesion following 12 months in a brewery trial 
1.E+00
1.E+02
1.E+04
1.E+06
0 12 24
B
ac
te
ri
al
 c
o
u
n
t 
(l
o
g 
cf
u
 m
l-1
) 
Irradiation time (hours) 
SS Light SS Dark
Mo Light Mo Dark
1.E+00
1.E+02
1.E+04
1.E+06
0 12 24
B
ac
te
ri
al
 c
o
u
n
t 
(l
o
g 
cf
u
 m
l-1
) 
Time (hours) 
SS Light SS Dark
Mo Light Mo Dark
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
0 12 24 36 48 60 72
B
ac
te
ri
al
 c
o
u
n
t 
(l
o
g 
cf
u
 m
l-1
) 
Time (hours) 
SS Light SS Dark
Mo Light Mo Dark
using the scratch test. There was evidence that some photoactivity was retained to varying 
extents and, that Mo was also largely retained on the coating. Some damage to the coating 
and flaking was visible on occasion but less so on the Mo doped coating compared to the 
TiO2 alone. 
 
 
(a) 
  
 Mo %  
              
Pre brewery trial  6.95  
Post brewery trial (Surface 1) 6.50  
Post brewery trial (Surface 2) 6.83 
(b)                                            (c)             (d) 
 
Figure 5. (a) photoactivity levels, (b) Mo percentages and coating adhesion images of (c) 
TiO2 and (d) TiO2-Mo following 12 months in a brewery trial. 
 
In addition, 3 month fouling studies revealed low numbers of microorganisms on the 
surfaces, but no clear effect of the coatings on microbial numbers or bacterial community 
profiles could be seen in these process studies. This could be attributable to the very low 
numbers of replicate samples 
 
 
CONCLUSIONS 
 
Titanium dioxide coatings doped with optimized percentages of Mo (6.95 at.%), Nb (0.25 
at.%) and W (3.8 at.%) were successfully produced using magnetron sputtering and showed  
anatase or anatase/rutile photoactive phases and improved photocatalytic activity under 
fluorescent lighting. Scratch test results revealed the coatings showed good adhesive 
properties and all surfaces showed some antimicrobial ability, with the TiO2-Mo surface 
showing the best antimicrobial ability in the shortest time against E. coli. Tests carried out on 
the TiO2-Mo surfaces with brewery organisms, found within 24 hours under light and dark 
conditions, P. rhodesiae and S. marcescens counts decreased by 5-logs, with P. rhodesiae 
counts reducing to below the limit of detection. W. anomalus counts after longer exposure (72 
hours) were >10
3
 cfu ml
-1
. Results suggest the TiO2-Mo coating could have a dual function, 
being photoactive and possessing innate antimicrobial ability.  
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Following brewery trails, the TiO2-Mo surfaces retained some photocatalytic activity and 
scratch tests revealed some minor flaking and visible damage but less so than the TiO2 alone. 
Little in terms of loss of Mo from the surface was also found. Overall findings indicate 
potential for TiO2-Mo surface in enhancing plant hygiene and complementing existing 
cleaning and disinfection protocols, whilst offering both innate (antimicrobial in the dark) 
and photoactive properties. Further work will explore the stability of these coatings, batch 
variability, and the development of additional in vitro tests prior to in situ investigations.  
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a b s t r a c t
Titania coatings have been deposited onto PET substrates by reactive magnetron sputtering in the HiPIMS
(high power impulse magnetron sputtering) mode and for comparison, pulsed DC mode. In the latter
case, the substrate showed evidence of melting, but the HiPIMS results were dependent on the char-
acteristics of the power supply when operating under nominally identical conditions. A coating
deposited by one of the HiPIMS supplies was found to have a mixed phase structure and to demonstrate
a level of photocatalytic activity comparable to conventional coatings which had been post-deposition
annealed.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Upon being irradiated with UV light, titania coatings can act as
photocatalysts and cause the disassociation of pollutant organic
compounds and the decomposition of bacterial cells [1e4]. The
superhydrophilic nature of the surfaces then enhances the removal
of residual material. The photocatalytic activity is, though, limited
by the crystalline structure of the ﬁlms, which are very sensitive to
processing conditions and it is only the anatase form (or anatase/
rutile mixed phases) that shows useful levels of photocatalytic
activity.
In fact, there is a large body of research describing the sensitivity
of the structure and properties of titania coatings to deposition
conditions (see [5] for a review). The general consensus is that
substrate temperatures of the order of 250e300 C or post-
deposition annealing are required to form the anatase phase. This
poses processing issues (cost, uniformity, etc.) when coating, for
example, large area glazing, and is clearly a major obstacle when
seeking to deposit high-performance titania ﬁlms on polymeric
materials.
The present authors were the ﬁrst to demonstrate that HiPIMS
(high power impulse magnetron sputtering) can be considered to
be a low temperature deposition process, compared to conven-
tional DC and pulsed DC magnetron sputtering. Measurements
showed that for the same net deposition rate, the thermal ﬂux at
the substrate was lower in HiPIMS mode by a factor of 2 compared
to DC sputtering and by a factor of 10 compared to pulsed DC
sputtering, under similar operating conditions [6]. This work has
now been extended to demonstrate that photocatalytically active
titania coatings can be deposited directly onto polymeric substrates
by HiPIMS in a single stage process.
Coatings were deposited via reactive magnetron sputtering
from a single 300 mm  100 mm 99.5% pure Ti target in an argon/
oxygen atmosphere at 0.3 Pa. The oxygen ﬂow rate was
controlled by optical emission monitoring. The substrates were
75 mm  25 mm pieces of PET (polyethylene terephthalate) sheet
(100 mm thick), whichweremounted on a substrate holder that was
electrically ﬂoating. Three power supplies were used to drive the
magnetron: an Advanced Energy Pinnacle Plus pulsed DC supply
(PPlus); a Chemﬁlt Synex 3 HiPIMS supply (Synex); and a Huet-
tinger HMP1/1 HiPIMS supply (Huettinger). The PPlus was operated
at 100 kHz pulse frequency with a duty factor of 0.5 and both
HiPIMS supplies were operated at 200 Hz pulse frequency with
a 200 ms duration pulse. The same time average power of 1.5 kW
was used in each case. Due to the differences in deposition rate
between the pulsed DC and HiPIMS supplies, run times were
adjusted to give coating thicknesses of approximately 100 nm, as
measured by a Dektak proﬁlometer from step heights on glass
microscope slides coated simultaneously with the PET samples. The
deposition rates estimated for each supply were 28.6, 9.1 and
22.2 nm/min for the PPlus, Synex and Huettinger, respectively.
Following deposition the PET samples were examined visually
for signs of thermal damage during the coating process. It was
immediately obvious that the samples coated using the PPlus and
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the Synex supplies were thermally damaged. The substrates were
distorted and aluminium foil covering the substrate holder had
stuck to the melted plastic. In contrast, the sample coated using the
Huettinger supply appeared to be completely undamaged by the
process. These differences can be clearly seen in Fig. 1. It is inter-
esting to note the different results obtained from the two HiPIMS
supplies, despite operating them at the same pulse frequency, pulse
duration and average power. Examination using a digital oscillo-
scope of the I-V waveforms at the target during the pulse-on phase,
shown in Fig. 2, indicates that the pulse shapes of the two supplies
are very different. The Synex supply delivers a shorter, more intense
pulse, with much higher peak voltages and currents than the
Huettinger, under the same operating parameters. Despite setting
the pulse duration to 200 ms in both cases, the Synex voltage pulse
has effectively decayed after 100 ms, whereas the Huettinger pulse
is sustained for the full duration of the pulse. The mechanistic route
through which these differences change the deposition conditions
at the substrate has not yet been determined, but since the
discharge characteristics are dependent on the power supply
characteristics, the performances of the two HiPIMS supplies must,
at this stage, be attributed to their differing I-V characteristics.
The damaged samples were not analysed further, but the
undamaged sample was analysed by X-ray diffraction (XRD) in the
grazing incidence asymmetric Bragg diffraction (GIABD)mode at an
incident angle a¼ 5 (URD6 Seiferd & Co diffractometer with CuKa1
radiation at 0.154 nm). The results of this analysis, shown in Fig. 3,
indicate that the coating had a mixed phase structure in the as-
deposited condition. Rather surprisingly a peak from the brookite
pattern was identiﬁed at 2q ¼ 49.4 (JCPDS ﬁle number 29-1360).
This phase is not commonly reported in thin ﬁlms. Of more rele-
vance to this study is the broad peak at approximately 2q¼ 27. This
peak actually consists of two overlapping peaks, which when
deconvoluted (shown inset in Fig. 3), can be identiﬁed as the {110}
rutile peak (JCPDS ﬁle number 21-1276) and the {101} anatase peak
(JCPDS ﬁle number 21-1272), with the former having the greater
intensity.
The photocatalytic activity of this sample was assessed in terms
of the degradation of an organic dye (methylene blue). Methylene
blue (MB) is a heterocyclic aromatic dye with a molecular formula
of C16H18ClN3S, and is often used as a model organic compound to
measure photoreactivity [7e9]. When dissolved in distilled water,
the MB UVevisible spectrum shows a strong absorption peak at
approximately 662 nmwavelength. Changes in this reference peak
height can be used tomonitor the photocatalytic degradation of MB
by titania coatings. The photocatalytic activity of the HiPIMS
coating was studied under UV radiation at room temperature. The
integrated power ﬂux to the coating was 4mW/cm2 for the UV light
tubes (2  15 W 365 nm Sankyo Denki BLB lamps). The test sample
was fully immersed in 10 ml of MB solution. A PerkineElmer
UVeVis spectrophotometer was used for measuring the absorp-
tion peak height. Measurements were taken before irradiation and
then every hour for a total time of 5 h. This technique has been used
by the present authors to test other magnetron sputtered titania
coatings (deposited on glass substrates), which were post-
deposition annealed at 400 C [10]. Fig. 4 presents a comparison
of an as-deposited and an annealed pulsed DC titania coating (both
on glass substrates) with the as-deposited HiPIMS coating (PET
substrate). Also shown on the ﬁgure is the natural degradation of
methylene blue when exposed to UV radiation with no photo-
catalytic sample present. The as-deposited pulsed DC coating
shows negligible photocatalytic activity, whereas the as-deposited
HiPIMS coating shows an activity which is comparable to that of
the annealed pulsed DC coating. By subtracting the natural degra-
dation of MB under UV radiation, the increased degradation rate
due to the photocatalytic activity of the titania samples can be
estimated. On this basis, the as-deposited HiPIMS coating has
approximately 2/3rd of the activity of the pulsed DC coating
annealed at 400 C. The pulsed DC coating had a predominantly
anatase structure after annealing [10], which may well account for
its higher activity.
Fig. 1. PET samples coated with titania via reactive magnetron sputtering operating in A) pulsed DC mode; B) HiPIMS mode with a Synex power supply; and C) HiPIMS mode with
a Huettinger power supply.
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Fig. 2. I-V characteristics during the pulse on phase for the Synex and Huettinger
HiPIMS supplies operating at 200 Hz pulse frequency, 200 ms pulse duration and
1.5 kW average power.
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In summary, this work demonstrates that HiPIMS can be used
to deposit titania coatings onto PET substrates, but that the
outcome is strongly dependent on the I-V characteristics of the
power supply. Operating under identical conditions, a Synex
supply with relatively high peak voltages and currents caused
melting of the PET, whereas a Huettinger supply with lower, more
sustained outputs left the substrate undamaged. Furthermore, in
the latter case, the titania coating had a mixed phase structure and
showed photocatalytic activity in the as-deposited condition
which was of the order of 67% of that shown by a conventionally
deposited coating that had been annealed at 400 C. This
result demonstrates the potential of the HiPIMS technique to
deposit functional ﬁlms directly onto thermally sensitive
substrate materials and to produce active coatings in a single stage
process.
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Fig. 3. GIABD mode XRD pattern for titania coating deposited onto PET substrate by HiPIMS using a Huettinger power supply. The inset ﬁgure shows the deconvolution of the {110}
rutile and {101} anatase peaks.
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